
Oxygen Dynamics
in the

Chesapeake Bay
A Synthesis o

f Recent Research

Edited

b
y

David E Smith Merrill Leffler

and Gail Mackiernan

AA Maryland Sea Grant Book

College Park Maryland



Oxygen Dynamics

in the Chesapeake Bay
A Synthesis o

f
Recent Research

Edited b
y

David E
.

Smith

University ofVirginia and

Virginia Sea Grant College

Merrill Leffier

Gail Mackiernan

Maryland Sea Grant College

Produced b
y Maryland and Virginia

Sea Grant College Programs

~
~ A Maryland Sea Grant Book

.. College Park, Maryland



Published b
y the Maryland Sea Grant College in cooperation with the

Virginia Sea Grant College.

Publication o
f

this book is supported b
y grant NA86M- D- SG042 from

the National Oceanic and Atmospheric Administration to Maryland Sea

Grant and Virginia Sea Grant.

Copyright © 1992 Maryland Sea Grant College.

All rights reserved.

Printed in the United States o
f

America.

Second printing, 1996.

Book design b
y Sandy Harpe

Maryland Sea Grant College

Publication UM -SG-TS- 92-0 1

Virginia Sea Grant College

Publication VSG-92- 0
1

Library o
f

Congress Card Catalog Number: 91-068257

ISBN 0
-

943676- 50-9

For information on Maryland Sea Grant books, contact:

Maryland Sea Grant College

University o
f

Maryland

College Park, Maryland 20742

Printed o
n recycled paper



Contents

Acknowledgments v

Hypoxia Studies in the Chesapeake Bay: An Overview v
u

Major Scientific Findings vm

Management Implications o
f

Scientific Findings xtv

Introduction 1

Chapter 1
.

Influences o
f

Circulation Processes o
n 7

Dissolved Oxygen in the Chesapeake Bay, William C Boicourt

Introduction 7

Chesapeake Bay Circulation 1
0

Hypoxia Trends: 1950- 8
0

3
0

Major Influence o
n Hypoxia: Freshwater Flow 3
6

o
r

Nutrient Input

Physical Processes and Biological Rates 4
1

Learning from the Tributaries 4
6

Research Summary and Management Needs 4
9

Acknowledgments 5
3

References 5
3

Chapter 2
.

Effects ofWater Column Processes o
n

6
1

Dissolved Oxygen, Nutrients, Phytoplankton and

Zooplankton, Thomas C Malone

Introduction 6
1

Distribution o
f

Phytoplankton in the Chesapeake Bay 6
6

Environmental Regulation o
f

Phytoplankton 7
5

Phytoplankton Production and Oxygen Depletion 9
6

Conclusions 9
9

Management Implications 103

Acknowledgments 106

References 106

lll



Chapter 3
.

Microbial Processes, Organic Matter and 113

Oxygen Demand in the Water Column, Robert jonas

Introduction 113

Experimental Approaches for Studying Aquatic 115

Microbial Processes

Bacterial Behavior 118

Research and Management Needs 141

References 143

Chapter 4
.

Benthic-Pelagic Interactions: Nutrient and 149

Oxygen Dynamics, W Michael Kemp, Walter R Boynton

Introduction 149

Deposition o
f

Particulate Organic Matter 156

Benthic Metabolism and Nutrient Cycling 164

Sediment Nitrogen Cycling 176

Interactions between Phytoplankton and Benthic 182

Macrofauna

Role o
f

Benthic and Pelagic Processes in Oxygen 191

Depletion

Effects o
f

Eutrophication o
n Benthic-Pelagic Coupling 196

Research Needs and Management Implications 205

Acknowledgments 208

References 209

Conclusion 223

Glossary 227

Appendix 231

Low Dissolved Oxygen Research Projects 231

IV



Acknowledgments

While a great deal o
f

the information presented in this book

resulted from studies sponsored b
y

the National Oceanic andAtmo­spheric
Administration, the authors have incorporated data from

work supponed b
y other federal agencies and state governments, in

panicular, the Environmental Protection Agency, the NationalSci­enceFoundation, the State o
f

Maryland and the Commonwealth o
f

Virginia.

The editors wish to thank the authors o
f

the individualchap­ters
for their contributions, a

s

well a
s the critical reviewers who

provided valuable comments o
n draft versions o
f

these chapters. We
also want to acknowledge and thank the scientists in Maryland and

Virginia who contributed to this volume through discussions and

the sharing o
f

unpublished information with the authors.

Support for the Hypoxia/ Anoxia Program and for thispubli­cationwere provided through NOAA's National Sea Grant College

Program, grant number NA86AA- D
-

SG-006 to the University o
f

Maryland Sea Grant Program and grant number NA86AA- D- SG-

042 to the Virginia Sea Grant College Program.

v



Hypoxia Studies

in the Chesapeake Bay:

An Overview

The Chesapeake Bay is the nation's largest estuary,

it
s most

complex and historically

it
s most productive. The Bay's main stem

ranges two hundred miles, from the mouth o
f

the Susquehanna

River in Maryland to the ocean in Virginia, covering some 4,400

square miles. Increasingly, Chesapeake Bay has been subjected to
the impacts o

f

accelerated population growth, from massive volumes

o
f

sediment eroding from the 64,000 square mile watershed, human

and industrial wastes pumped into the Bay's rivers and streams, and

thousands o
f

tons o
f

nutrients annually coming from agricultural

lands, sewage treatment plants and acid rain. The consequences

have been degraded water quality, massive loss o
f

sea grasses and

severely diminished stocks o
f

commercial fish and shellfish.

To restore the integrity o
f

the Bay's ecosystem; resourceman­agersmust have a sophisticated understanding o
f

the biological,

chemical and physical processes that regulate the Bay's health. A
major goal o

f

ongoing scientific research in the Chesapeake is to

advance that understanding s
o resource management agencies can

better develop informed action plans.

A recurring condition in Chesapeake Bay - and a
nimpor­tantmeasure o

f

the estuary's health - has been hypoxia, adeple­tion

o
f

oxygen in bottom waters that begins in spring and lasts

v
u



vm I Oxygen Dynamics in the Chesapeake Bay

through summer. There is some controversial evidence that theex­tentand severity o
f

hypoxia (and anoxia, the complete lack o
fdis­solved

oxygen) have been increasing in recent years, possibly a
s a

result o
f human- induced changes in the Bay ecosystem. Whilesci­entistshave long known that this phenomenon results fromanum­ber

o
f

factors - natural circulation patterns, excessive nutrients,

microbial action in sediments - they lacked sufficientunderstand­ing

o
f how the interactions among biological, chemical and physical

processes affected the Bay's dissolved oxygen levels. Because they

could not detail the relative contributions o
f

natural and human

effects that contribute to hypoxia, it has been difficult to develop

protective management guidelines for minimizing the impact from

human activities. Many management decisions have relied more o
n

informed guesswork and generalized models.

In 1985, the Maryland and Virginia Sea Grant programs, with

support from the National Oceanic and AtmosphericAdministra­tion,undertook a long- term program o
f

integrated research aimed

a
t

detailing how biochemical and physical processes betweensedi­mentsand overlying waters regulate hypoxia.

Over the last six years, this cooperative effort has advanced

our understanding o
f

the dynamics o
f

the Bay ecosystemconsider­ably.A number o
f

the scientific and management findingssumma­rized
here

a
re playing important roles in defining research needs and

assisting resource management agencies.

Major Scientific Findings

I. Hypoxic and anoxic conditions generally commence in ! Ate

spring and extend through the summer. Critical to initiation o
f

these

conditions is the annual spring inflow o
f

fresh water down tributary

rivers. The result o
f

snow melt and heavy spring rains, this spring

runoff increases stratification, lowers Bay salinity, affects theresi­dencetime o
f

water and materials, and delivers nutrients andsedi­ments

to the Bay.
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2
.

The role o
f

nutrient loading in causing hypoxia inChesa­peakeBay should b
e further examined in light o
f

a
n apparently

significant relationship found between the volume o
f

hypoxic water

and spring river flow. On one hand, this relationship might indicate

that the reported 1950- 1980 increase in oxygen depletion resulted

from a natural cycle in river flow (via stratification suppressing

reaeration o
f

the bottom waters), and that increased nutrientload­ing
has not yet altered the balance. While the rate o

f

water-column

oxygen consumption appears relatively invariant from year to year,

the rate o
f

reaeration o
f

lower-layer waters is strongly dependent

upon seasonal stratification

s
e
t

u
p

b
y spring runoff. On the other

hand, the expectation remains that biochemically mediatedpro­cesses
control a

n underlying trend o
f

oxygen depletion. Carefulas­sessment

o
f

the relative roles o
f

physical and biological factors will

b
e required to resolve this uncertainty and reveal the key controls.

Care is required because many o
f

the important effects o
f

freshwater

inflow - nutrient delivery, stratification and gravitationalcircula­tion
- are highly coupled.

3
.

The amount o
f

dissolved oxygen in lower layers o
fChesa­peakeBay is strongly influenced b

y

stratification. Stratification, in

turn, is controlled b
y

the balance between fresh water runoff (creat­ing
stratification) and mixing ( acting to destroy stratification).Es­tuarine

stratification responds to fresh water runoff o
n threepri­mary

time scales. A freshet from the Susquehanna drives a seaward

surge o
f

flow in the middle reaches o
f

the Bay within one week; this

surge will increase stratification b
y decreasing the salinity in the

upper layer. The same freshet will produce a
n

increase in thetwo­layer
estuarine circulation and a

n associated increase in stratification

in the mid-Bay approximately one month later. On a seasonal time

scale, spring runoff builds u
p a " buoyancy reservoir" o
f

fresh water

in the Bay. This reservoir is then available throughout summer for

rapid restratification after wind- mixing events. More importantly,

the buoyancy reservoir provides a mechanism for the spring- runoff

influence o
n stratification to extend the three-month interval from

peak runoff to the height o
f

the summer anoxia season.
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4
.

Hypoxia occurs when the rates ofoxygen consumption in

the lower layers of Chesapeake Bay are greater than the resupply

from vertical and longitudinal transport. Resupply occurs through

vertical mixing from the upper layers and horizontal movement o
f

deep oxygenated water from the lower reaches o
f

the Bay. River

runoff increases stratification and, in turn, decreases verticalex­change,
but it also creates a counteracting reaeration throughin­creased

gravitational circulation. Stratification is the dominantpro­cess,
and this advective reaeration is secondary. However,circula­tionsupplying aerated deep water from the southern Bay creates a

n

oxygen minimum in the vertical and confines the horizontalmini­mum

to the northern portion o
f

the deep trough o
f

the Bay.

5
.

Spatial and temporal patterns o
f

nitrogen, phosphorus and

silicon distribution and recycling rates suggest that on an annual

basis phytoplankton production within the entire Bay isnitrogen­limited,while o
n smaller spatial and temporal scales phosphorus

and/ o
r

silicon are also probably limiting. Nutrient species o
fnitro­genand silicon are removed more efficiently than phosphorus from

the water column Calculations indicate that external nitrogen sources

are capable o
f

supporting only 1
0

to 20% o
f

the phytoplankton

production o
n a yearly basis. The remainder, therefore, must b
e the

result o
f

recycled nutrients within the Bay itself.

6
.

A seasonal shift occurs in the source o
f

nutrients to the

euphotic zone: during spring, high nutrient loading occurs because

o
f

river runoff, during summer, it occurs a
s a result o
f

recycling

processes in sediments. A
s

a result o
f

these processes, nitrate inputs

from

a
ll sources peak in spring, while phosphate and ammonium

inputs peak in the summer.

7
.

Peaks in phytoplankton biomass and productivity are out o
f

phase: chlorophyll concentrations in the water column are highest in

spring, while areal primary productivity reaches

it
s maximum in

summer. In spring, the phytoplankton assemblage is characterized

b
y high biomass and relatively slow turnover, whereas in summer it

is characterized b
y low biomass and rapid turnover. Grazing o
f

phy-



Hypoxia Studies in the Chesapeake Bay I x
z

toplankton b
y herbivores during summer helps regulatephytoplank­ton

biomass. This seasonal pattern coincides with a shift in size

composition, favoring larger algae (diatoms) in spring and smaller

phytoplankton forms in summer months. For example,

picophytoplankton primary production increases from

2
o
/

o o
f

the

total primary production in winter to greater than 20o/ o after the

spring bloom.

8
.

Oxygen depletion is linked to nutrient loading through the

accumulation, deposition and decomposition ofphytoplanktonbio­mass.Synoptic observations o
f

environmental factors from 1984 to

1988 in the mesohaline reach o
f

the Bay indicate that oxygendeple­tion

is not directly related to the role o
f

phytoplankton productivity

per

s
e
,

but it is related to net production (photosynthesis minus

respiration) o
f

the plankton community and associatedaccumula­tionand deposition o
f

organic matter.

9
.

The spring peak in phytoplankton biomass is the result o
f

new nutrient inputs, and the consumption o
f

this organic matter,

primarily b
y

bacteria and protozoa, serves to initiate seasonaloxy­gen
depletion in Chesapeake Bay. The rate o

f

oxygen depletion in

spring is a function o
f

temperature and availability o
f

labile organic

carbon and shows small interannual variability.

10. The accumulation o
f

phytoplankton biomass in spring

and the low grazing pressure b
y

herbivores such a
s copepods a
t

this

time results in the funneling ofavailable organic carbon to bacteria.

Bacteria in the Bay have been shown to increase their turnover rate

o
f

organic substrates a
s substrate concentrations increase.Conse­quently,the bacteria

a
re poised to take quick advantage o
f

this

increase in available organic nutrients. A
s

this occurs, thetradition­ally
defined trophic flow from phytoplankton- to-zooplankton-to­fish

(and macroinvertebrates) is disrupted and instead carbon flows

from phytoplankton- to-bacteria-to-protozoa. This decoupling o
rre­direction

o
f

energy flow can have significant impacts o
n the entire

ecosystem.



Xtt I Oxygen Dynamics in th
e Chesapeake Bay

11. Bacterial abundances in Chesapeake Bay are exceptionally

high during the spring and summer, a
t

times approaching 20mil­lion
cells ml-1• During the late spring and early summer, rates o

f

bacterial production peak, approaching 1250 mg carbon m
-

2
d

-

1
_Bio­mass

calculations indicate bacterial production is often 30%, and

can exceed 60%, o
f

the phytoplankton biomass during late summer.

Bacterial abundances and metabolic rates suggest that particulate

organic matter is insufficient to sustain populations and thatdis­solvedorganic matter such a
s

dissolved monosaccharides serve a
s a

primarysource o
f

energy for bacterial growth. Future investigations

into the chemical nature, concentrations and availability o
f

dissolved

organics a
s energy sources need to b
e undenaken.

12. Bacteria and organic matter play a significant role in the

consumption of oxygen in Chesapeake Bay a
s corroborated b
y

the

fact that respiration ofsmallparticles (
< 1 to 3 J
.

lm) accounted for 60

to 100% o
f

the total plankton metabolism. Venical zones o
fbacte­rialabundance, bacterial metabolism and specific organic compounds

occur in the water column. Mid-water concentration and metabolic

maxima are common, with peaks often observed near the pycnocline.

Such distributions result in a localization o
f

oxygen consumption,

and the presence o
f

a " bacterial plate" acting a
s a biological barrier

against oxygen flux into bottom waters.

13. Biogeochemical cycling o
f

sulfur is important in thede­mand

o
n dissolved oxygen: while production o
f

sulfides occurspri­marily

in the sediments, if anoxic conditions already exist in deep

waters, sulftde diffusion into the water column results in oxygen

consumption near the pycnocline. During the summer,measure­ments

o
f

sulfide oxidation in this region indicate a mean oxygen

consumption rate o
f

9 mg L
-

1
d
- 1

• This rate is comparable tomea­suredaerobic heterotrophic demand beneath the pycnocline under

aerobic conditions.

14. Deposition o
f

particulate organic matter from the euphotic

zone to the Bay bottom provides most of the food which supports
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metabolism o
f

benthic organisms and plankton and which leads, in

conjunction with stratified conditions, to hypoxia in bottom waters.

The magnitude, food quality and timing o
f

sedimenting particulate

organic matter is controlled b
y variations in nutrient supply rates,

organic production and consumption processes o
f

the planktoncom­munity.
15. Most o

f

the nutrients recycled in summer are derived from

deposition o
f

particulate organic matter fixed in spring. Rates o
f

nutrient (nitrogen, phosphorus, silicon) recycling from metabolic

processes in the benthos are sufficient to support 2
0

to 80% o
f

the

nutrients required

fo
r

phytoplankton growth.

16. The natural processes o
f

nitrification and denitrification

which remove nitrogen from the benthos are inhibited inChesa­peakeBay under hypoxic conditions; the resulting increasedrecy­cling

o
f

nitrogen supports additional algal production o
f

organic

matter and bacterial oxygen consumption. Denitrification coupled

to nitrification in Bay sediments is responsible for removing 2
5 to

30% o
f

nitrogen entering the estuary from the watershed andatmo­sphere;
this rate is low compared with other estuaries in which

denitrification accounts for 5
0

to 55% removal o
f

nitrogen.

17. Compared to other coastal ecosystems, the relative biomass

ofbenthic macrofauna in the Bay appears to b
e lower than expected

from observed levels o
f

phytoplankton abundance and production.

This anomaly, which may also result in depressed demersal fisheries,

is most likely related to loss o
f

habitat associated with seasonal

hypoxia in large regions o
f

the Bay.

18. Under present conditions, intense grazing b
y

suspension­feeding
benthic macrofauna (mostly bivalves) in certain shallowwell­mixed

areas o
f

the Bay appears to result in relatively reducedabun­dance

o
f

phytoplankton. This situation is particularly evident in low

salinity regions o
f

the main Bay and

it
s tributaries. It is possible that

this effect was more widespread in former times when oyster popu-
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lations, which were vastly more abundant throughout the upper

estuary, may have controlled phytoplankton growth. Other factors,

however, may mitigate this suspension- feeding effect. First, greater

numbers o
f

benthic macrofauna would lead to increased defecation

and excretion that could accelerate nutrient recycling, therebyen­hancing
production; second, bivalve grazing o

n zooplankton could

reduce grazing pressure o
n phytoplankton, which could also lead to

greater production.

19. Interannual changes in benthic community metabolism

and nutrient recycling processes are directly related to variation in

rates o
f

nutrient loading from the watershed. There is also indirect

evidence o
f

a small carry- over o
f

organic matter and associatednu­trients
from one year to the next. Bay sediments d

o not, however,

appear to b
e vast storage areas for labile organic matter, such that

reductions in nutrient loading to the estuary should result insignifi­cant
decreases in rates o

f

benthic oxygen consumption and nutrient

recycling within one to two years.

Management Implications o
f

Scientific Findings

1
.

Chesapeake Bay is particularly susceptible to th
e

hypoxic

and anoxic effects o
f

nutrient enrichment because o
f

it
s natural

two- layer gravitational circulation. This two- layer circulation which

characterizes the Bay much o
f

the time creates conditions which ( 1
)

favor the retention o
f

nutrients in particulate form, allowing this

organic matter to b
e efficiently used and reused before being buried

o
r

exponed to the sea, and ( 2
)

effectively reduces the venical mixing

o
f

oxygenated surface waters with oxygen-depleted bottom waters.

2
.

Recent observations of a significant relationship between

summer volume ofhypoxic water and spring riverflow suggests that

previously reported historical increases in anoxia associated with

eutrophication should b
e viewed with caution. Detection o
f

such a
n

increase would require careful separation o
f

the impact o
n dissolved
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oxygen levels b
y

natural physical processes and biological and chemical

processes. U nfonunately, this separation does not involve the simple

extraction o
f

linear component influences from time-series records.

The underlying physics a
s

well a
s

the dependence o
f

the biological

and chemical processes on physical forcing has been shown to b
e

richly non- linear. Given that a major goal o
f

the Chesapeake Bay

clean- u
p program is reduction o
f

nutrients from land-based sources

which are considered to b
e the primary cause o
f

increased hypoxia,

it is imponant to determine unambiguously whether o
r

not there is

even a trend. Such a goal is essential for evaluating the success o
f

nutrient reduction efforts.

3
.

Recent evidence indicates a residual effect of nutrient inputs

to the Bay which operates o
n time scales o
f

one month to two years.

For example, summer rates o
f

sediment nutrient recycling are highly

correlated with algal deposition to sediments during the previous

months o
f

spring. Funher, it appears that relatively high nutrient

inputs during a high river- flow year suppon relatively high rates o
f

primary production and benthic oxygen consumption through the

following year. The actual mechanisms controlling these temporal

lags between coupled processes, however, are not well understood.

The question o
f

how long and a
t

what magnitude this residual effect

can influence Bay ecology is central to predicting the impact o
f

reducing nutrient loading to the estuary a
s well a
s predicting the

outcome o
f

management strategies for improving the Bay'senviron­mental
condition.

4
.

Currently, the mesohaline Bay region appears to b
e

nutri­ent-

saturated in that seasonal cycles of oxygen depletion in bottom

water appear to vary little with changes in nutrient loading under

current conditions of climate and watershed development.Conse­quently,
until nutrient loads and corresponding phytoplanktonbio­mass

are reduced below some unknown level o
r

threshold, where

dissolved oxygen demand exceeds rates o
f

dissolved oxygenreplen­ishment,
hypoxia and anoxia will continue to occur.
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5
.

Restoration o
f

th
e

Bay's lost denitrification potential would

reduce nitrogen levels b
y

rejuvenating this important naturalre­moval
mechanism. Current hypoxic conditions in the summerin­hibit

the natural biochemical processes o
f

nitrification anddenitrifi­cation
that convert nutrient forms o

f

inorganic nitrogen salts to

biologically unavailable gaseous forms o
f

nitrogen; this is because

nitrification cannot occur without oxygen. This effect constitutes a

positive feedback loop that allows inorganic nitrogen salts to b
e

recycled s
o

a
s

to enhance algal production in the Bay. The higher

algal production leads to further oxygen depletion from bottom

water. In reverse, however, this positive feedback can accelerate the

process o
f

reducing hypoxia due to the restoration o
f

lostdenitrifi­cation
potential, which has not been realized because o

f

hypoxic

inhibition o
f

nitrification and denitrification processes.

6
.

The effects o
f

decoupling the phytoplankton-
t
o
-

zooplankton­to-

fish and macroinvertebrate flow o
f

energy to a phytoplankton-

to
­
b
a
c
te

r
ia

-

t
o
-

protozoa flow may have reduced natural production o
f

commercially important species. For example, the shunting o
fpri­maryproduction (phytoplankton) to bacteria may reduce the energy

available to benthic filter feeders such a
s

oysters because o
f

large

energy losses associated with microbial metabolism. Management

actions which reduce hypoxic conditions in the Bay will probably

result in improved production o
f

benthic macrofauna and certain

demersal fish populations, both through provision o
f

habitat and

reestablishment o
f

a diverse, benthic- feeding community o
f

fish and

invertebrates.

7
.

Decomposition rates for sediment organic matter andasso­ciated
recyclable nutrients and oxygen demand are sufficient topre­clude

significant long-term accumulation over decades. Thus,nutri­ent
concentrations, algal biomass and biological respiration rates

should decrease rapidly within several years following reductions o
f

nutrient inputs to the Bay.

8
. Numerical models are important for simulating andfore­casting

the effects o
f

nutrient loading o
n

anoxia. The models must
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include ( 1
)

accurate representation o
f

the balance between river

runoff and saltwater intrusion (buoyancy ~ uxes} acting to create

stratification; ( 2
}

detailed representation o
f

planktonic trophicinter­actionswhich control sedimentation o
f

particulate organic matter;

( 2
)

detailed description o
f

planktonic trophic interactions; ( 3
)

benthic

nutrient recycling processes which are, themselves, strongly affected

b
y oxygen conditions; ( 4
)

benthic macrofauna communities which

affect rates o
f

nutrient recycling and particulate organic matterre­movalfrom the water column.

9
.

Experience in recent years has clearly indicated the value o
f

generating long- term data sets over appropriate time scales, · such

data sets are necessary for developing a
n understanding o
f

the forces

which regulate the Bay ecosystem and affect the linkages between

system components. While current monitoring programs provideex­tensive
spatial coverage, a complementary program o

f

moremea­surements

a
t

a limited number o
f

sites ( i. e
.
,

to increase temporal

coverage) would help further define relationships between benthic

and pelagic system components and

a
id better quantification o
f

circulation processes. Paleostratigraphic techniques hold promise for

retrospective analysis and are generating provocative assessments o
f

the relative impact o
f

climate and nutrients o
n hypoxia.

1

10. Continuous measurements o
f

higher frequency physical and

biological processes are attainable b
y using enhanced technology such

a
s remote sensing and in- situ moorings designed to record selected

environmental conditions. This kind o
f

high- frequency coverage

would vastly improve our ability to determine the proper spatial and

temporal scales for detailed study.

1
Cooper, S

.
R

.

and G
.

S
.

Brush. 1991. Long- term history o
f

Chesapeake Bay

anoxia. Science.



Introduction

The Chesapeake Bay has traditionally served a
s a source o
f

livelihood for thousands o
f

commercial watermen and seafoodpro­cessorsand a
s a commercial artery linking Europe to two o
f

the

largest ports o
n the East Coast - Hampton Roads, Virginia and

Baltimore, Maryland. Increasingly, the Bay attracts new homeown­ers,
businesses, large numbers o

f

recreational boaters and sportsfish­ermen.

In addition to natural changes that result from storms and

changing sea level, the Chesapeake ecosystem, like

a
ll heavilypopu­lated

coastal systems, has been subjected to the impacts o
f

a
nex­pandingpopulation, industrial development, modern agriculture,

waste disposal, and numerous other pressures. Many o
f

these changes

manifest themselves in a deterioration in water quality and a decline

in the abundances o
f

once- rich natural resources.

With population growth in the Chesapeake region continuing

- b
y the year 2020 twice a
s many people are expected to live in the

watershed a
s

in 1950 - prospects

fo
r

improving water quality and

for protecting Bay waters are daunting. To provide help for the

critical management efforts ahead, the National Oceanic andAtmo­spheric
Administration initiated a research program in 1985,coor­dinated
through the Sea Grant Programs in Virginia and Maryland,

to investigate the mechanisms responsible for what appeared to b
e

increasing episodes o
f

hypoxia ( the near absence o
f

dissolvedoxy­gen)

in the bottom waters o
f

the Bay. Hypoxia and anoxia ( the

absence o
f

a
ll oxygen) are both indicators o
f

the Bay's health and

phenomena which are detrimental to it
s living resources, especially

1
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those which make u
p the vital benthic environment, namely bot­tom-

dwelling fish, oysters, darns and crabs.

While a number o
f

state and federal monitoring programs and

research projects continue to provide new understanding about the

Bay ecosystem, the purpose o
f

this interdisciplinary research effort

was to support a program that would investigate, over a period o
f

several years, the biological, chemical and physical interactions that

contribute to the apparent spread o
f

hypoxia and anoxia in the Bay,

and to determine

it
s effects o
n

the estuary's productivity.

The depletion o
f

oxygen in the deep waters o
f

Chesapeake

Bay has been documented since the early 1900s (Sale and Skinner

1917; Newcomb and Horne 1938). With the spring thaw in the

watershed comes a major inflow o
f

fresh water (called a freshet)

down tributaries to the Bay. Buoyant and light, these waters flow

over denser incoming ocean water. In this two- layer flow abound­ary

o
r

stratified layer called the pycnocline forms. The degree o
f

stratification depends o
n the intensity o
f

the freshet, which, in turn,

depends o
n natural climatic. events - for example, the amount o
f

snowfall in winter, the extent o
f

spring rains and the intensity o
f

winds. Runoff rate and periodicity is generally considered to have

increased approximately 30% since clearing o
f

the Bay's forest cover

began (Bosch and Hewlett 1982).

With the spring flows and runoff from the land comeassoci­atedsediments, organic material and nutrients. A
s

the Bay begins to

warm and daylight is longer, phytoplankton grow more abundantly.

In spring, growing faster than they can b
e consumed b
yslower­growing

zooplankton grazers, phytoplankton biomass increases.

Eventually, phytoplankton die and sink through the water,

decay and are oxidized. In deeper waters, below the pycnocline, this

oxygen demand results in a
n oxygen deficit: bottom waters become

hypoxic and may eventually experience anoxia. This phenomenon

begins in the Bay in spring and lasts generally until mid fall.

It has long been understood that oxygen depletion is related to

several factors: ( 1
)

the production o
f

large amounts o
f

organicmat­ter,
( 2

)

the heterotrophic metabolism o
f

that organic matter and ( 3
)

a deficit in the rate o
f

deep water reaeration. Nevertheless, scientists



have lacked a
n understanding o
f

the specific sources and nature o
f

the organic matter; the nature and activities o
f

the organisms which

actually consume dissolved oxygen and organic matter; the role o
f

chemical oxidation in the water column and a
t

the sediment/ water

interface; the relative imponance o
f

physical circulation; and the

spatial and temporal distribution o
f

these forcing parameters.Fur­thermore,
there has been little detailed understanding o

f

thepoten­tial
effects o

f

hypoxia on the food web, except a generalunderstand­ing
that there would b

e reduced habitat

f
o
r

populations o
fimpor­tant

biological and commercial resources.

This interdisciplinary research program brought together coastal

chemists, biologists and physicists from Virginia and Maryland to

define these imponant processes. Appendix A provides a list o
fre­search

projects supponed between 1985 and 1990. While data have

been taken throughout the Bay, from Annapolis, Maryland to the

Great Wicomico River in Virginia, much o
f

the research hasfo­cusedon the mesohaline region o
f

the Bay - that ponion where

the salinity is generally between 5 and 1
8

ppt. Measurements were

taken a
t

stations along a
n east-west, cross-Bay transect (Figure

1
)
.

Called the Chop-Pax transect because it extends from the Choptank

River to the Patuxent River, these locations were chosen

f
o
r

several

reasons: bottom water anoxia was common, the Bay is narrow enough

to allow a research vessel to sample transect stations within areason­ably
synoptic time period, and two marine laboratories are located

nearby, which minimizes the time necessary to reach the sampling

transect.

Like

a
ll sampling programs, the design did have limitations.

For example, in Chesapeake Bay the spring bloom o
f

phytoplankton

typically occurs in the surface layer, reaching peak biomassconcen­trations

a
t

points southward o
f

the Chop-Pax transect. However a
s

the phytoplankton populations decline, age and sink into thebot­tom
waters, residual landward currents common in two- layerestua­rinesystems transpon the phytoplankton biomass u

p the Bay into

the mesohaline region where maximum oxygen consumption occurs

(Figure 2). Therefore, in a
n attempt to maximize data collection in

the vicinity o
f

known anoxia development, researchers have had to
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Figure 1
.

Chop-Pax transect in the mesohaline region o
f

Chesapeake Bay.
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Figure 2
.

Cross-sectional view o
f

the Chesapeake Bays two- layer estuarine

flow.

compromise b
y not fully sampling the water column throughout the

area where peak phytoplankton biomass develops.

Nevertheless, the data generated from this transect created

regular vertical " snapshots" o
f

what was occurring within this region

o
f

the Bay. These snapshots - when coupled with data collected

both north and south o
f

the transect ( though on a less consistent

basis), and the EPA and state-sponsored monitoring data - have

served to explain the creation and maintenance o
f low dissolved

oxygen in bottom waters o
f

Chesapeake Bay. The four chapters o
f

Oxygen Dynamics in th
e

Chesapeake Bay address these issues, each

from a different perspective. The authors highlight major trends and

the gradually developing consensus o
n the processes occurring in

the Bay. A
s

a summary, this volume should b
e

o
f

interest to the

Bay's scientific community a
s well a
s

to resource managers.

William Boicourt examines the physical aspects o
f

Chesapeake

Bay in order to distinguish the role and relative importance o
f

the

Bay's circulation in the creation o
f

the low dissolved oxygen layer.

Thomas Malone then focuses o
n the role o
f

water column processes,
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including the imponance and interaction o
f

nutrients,phytoplank­tonand zooplankton. The significance o
f

microbial populations and

the processes involving them is the theme o
f

Raben Jonas'scontri­bution.
Finally, Michael Kemp and Walter Boynton discuss the role

and imponance o
f

benthic- pelagic coupling o
n Chesapeake Baydis­solved

oxygen.

A
s each author's acknowledgments and references indicate,

this book represents the cumulative effons o
f many scientists in

Maryland and Virginia. While it summarizes research activity to

date, it raises imponant questions that should help guide continuing

research. The entire research project itself represents the kind o
f

successful activity that is possible when federal and state agencies

and universities work together cooperatively to addressenvironmen­tal
problems.
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Introduction

The pattern and motion o
f

Chesapeake Bay waters exert strong

influences o
n the distribution o
f

dissolved oxygen within this large

and complex estuary. Some aspects o
f

this influence

a
re direct and

obvious, such a
s

the development o
f

a barrier that restricts thesup­ply

o
f

oxygen to the bottom waters during spring and summer. This

barrier, o
r

pycnocline, results from stratification

s
e
t

u
p

b
y

light,

fresh water from rivers flowing seaward over dense, salty waterflow­inginto the estuary from the adjacent ocean. Stratification limits

vertical exchange, and can control oxygen depletion in the bottom

waters b
y suppressing reaeration from the well-oxygenated overlying

waters.

Other aspects o
f

circulation- process control o
f

oxygendeple­tionappear

fa
r

more indirect and perplexing. For example, once

7
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new nutrients are delivered to the estuary via the spring runoff, the

transport and dispersion o
f

these nutrients, their uptake in the spring

phytoplankton bloom, and their ultimate fate during decomposition

o
f

this organic matter (requiring oxygen) are biochemical pathways

mediated a
t

many stages by the motion o
f

Bay waters. Otherex­amples
o
f

such coupled and complex physical-biological processes

are productivity bursts driven b
y wind- forced upwelling o
fnutrient­rich

waters, biological responses to shorter term destratification and

reaeration events, and alteration o
f

predator- prey relationships b
y

motion and stratification.

While our ability to describe and model complex circulation

processes in the Bay is evolving a
t

a rapid pace, we still are a
t

a loss

to

· answer some seemingly simple questions about trends indis­solved
oxygen. In 1983, the Environmental Protection Agencycon­cluded
that the summertime oxygen depletion in the Bay hadin­creased

in both geographical extent and duration, a
s a result o
f

human activities. The primary basis

fo
r

this judgment was the record

from a series o
f

cruises carried out b
y researchers a
t

the Chesapeake

Bay Institute from 1950 to 1980. Recent attempts to linkoxygen­depletionvolumes indicated b
y

this record to their root causes have

led some investigators to seriously question the conclusion o
f

a

spatially and temporally growing hypoxia in the Chesapeake Bay.

Seliger and Boggs (1988),

fo
r

example, have found a correlation

between the volume o
f

oxygen-depleted water in summer and the

amount o
f

spring runoff from the Susquehanna River. Such acorre­lationmight indicate that the reported 1950 to 1980 increase in

oxygen depletion arose from a natural cycle in river flow, and that

human activities have not yet altered the balance. The correlation

does underscore the inadequacy o
f

our current understanding o
f

the

relationship between nutrient input and oxygen depletion in the

Bay. Perhaps even more frustrating is the lack o
f

a
n unequivocal

demonstration o
f

a trend in hypoxia. In light o
f

the extraordinary

management efforts proposed to reduce the nutrient loading o
n the

Bay ecosystem, a
t

least this level o
f

understanding is necessary if we

are to evaluate the impact o
f

human activity ( including thesereduc­tions)on dissolved oxygen.
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The primary determinant o
f

the amount o
f

oxygen- depleted

water in the summer Bay appears to b
e stratification. The spring

surge in river runoff produces a light, low- salinity blanket o
f

water

that overlies the heavier, higher-salinity water entering from the

ocean. This blanket impedes reaeration o
f

the (oxygen- starved)lower­layer
water b

y

suppressing venical exchange. The degree o
fsuppres­siondepends on the density difference between these two layers.

While this insulation o
f

the lower-layer water is a physical,circula­tion
process, oxygen depletion is fundamentally a biochemicalpro­cess
(Taft e

t

al., 1980). How, then, can it b
e both? A
s

will b
e

discussed later, a likely explanation for this paradox is that thepro­cesses

o
f

oxygen consumption may b
e relatively invariant from year

to year while the rate o
f

venical mixing varies significantly with

spring runoff and the resulting stratification in the estuary.

An assessment o
f

the biological influence on oxygen depletion

requires separating the physical component o
f

variability in order to

detect lower-level biochemical signals. However, this separationre­quires
that physical processes b

e described to a
n accuracy that is a
t

the limit o
f

present observational and analytical techniques.Accu­racy

is necessary because we would like to separate human influence

from natural cycles, and because the dominant biological andphysi­cal
processes are highly coupled. River inflow, for instance, delivers

nutrients to the Bay and fuels oxygen depletion (Malone, thisvol­ume).

A
t

the same time, freshwater inflow controls stratification and

circulation in the estuary. Deciphering the causal connections in

this coupled system will b
e difficult, though essential, if we are to

establish trends unambiguously and provide the scientific suppon

fo
r

Bay restoration effons.

The following discussion about the role o
f

physical processes

in hypoxia begins with a brief overview o
f

our currentunderstand­ing

a
:

n
d then moves to questions o
f

major interest: does freshwater

inflow control oxygen depletion through stratification o
r

nutrient

delivery? What is the role o
f

horizontal advection in the Bay and in

the tributaries? What are the venical exchange processes? What can

the physics o
f

the system explain about biological and chemical

rates: can w
e

distinguish between water column and sediment de-
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mand for oxygen? What level o
f

understanding is necessary todeter­mine
the effects o

f

management efforts to resolve the oxygendeple­tion
efforts? What are the priority research efforts to attain this

understanding?

Chesapeake Bay Circulation

Studies o
f

phy. sical processes in Chesapeake Bay have played a

pivotal role in the evolution o
f

our present understanding o
festua­rine

circulation dynamics (Beardsley and Boicourt 1981). The first

models were developed in the 1950s, when researchers from the

Chesapeake Bay Institute were trying to answer questions about

transport mechanisms o
f

oyster larvae. With innovative current

measurement techniques, they conducted a
n extensive series o
f

cruises o
n the James River. Sampling was sufficiently intensive that

it could produce stable averages in the presence o
f

tidal oscillation.

From these measurements, Pritchard (1952, 1953, 1954) developed

a description o
f

the two- layer estuarine, o
r

gravitational circulation,

with fresher upper-layer water moving seaward over high-salinity

water moving toward the head o
f

the estuary (Figure

1
)
.

Rattray and

Hansen (1962) developed a
n

analytical model o
f

estuarine circula-

Fresh

w~. · .~ · . · · · · · ·

Salt

~r

Figure I
. Two- layered circulation pattern with zone o
f

maximum turbidity.
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tion based on Pritchard's formulation o
f

the dynamic and salt-bal­ance
equations. Agreement between the analytical solutions and the

James River observations enhanced the influence o
f

both studies. In

the years following, researchers have expanded o
n

Pritchard'sclassi­cal
description b

y examining other dynamical effects, particularly

the role o
f

wind, mixingand bottom friction.

Although early investigators showed a keen awareness that

strong wind forcing affects estuarine circulation, wind- drivenmo­tion
was seldom incorporated into models. Instead, wind effects

were often invoked to explain model discrepancies. Thedevelop­ment

o
f

quantitative descriptions o
f

wind- driven currents requires

current- meter deployments o
f

sufficient duration to allow thepas­sage

o
f

a series o
f

atmospheric low-pressure systems. From these

data, wind- driven motions could b
e statistically separated from the

slowly varying gravitational circulation.

Weisburg and Sturges (1976) employed such long- termcur­rent
measurements to examine the effects o

f

wind transport in

Narragansett Bay, a partially mixed estuary. They showed that over

short time intervals (2 to 8 days), wind- driven motions can easily

dominate the longitudinal transport o
f

water. Weisburg (1976) also

showed that a proper separation o
f

the wind- driven motion from

gravitational circulation is difficult with short records.

Farmer (1976) addressed the role o
f wind in fjord estuaries

and accurately modeled Farmer and Osborn's (1976) observations

o
f

fluctuations in upper- layer thickness in Alberni Inlet. Soon after,

Elliott (1978) conducted a year-long current meter mooring in the

middle reaches o
f

the Potomac River estuary. Estuarine circulation,

h
e

discovered, was affected both b
y wind forcing acting locally over

the estuary and b
y wind forcing acting a
t

a distance. For a tributary

such a
s

the Potomac River, this remote forcing arises fromwind­forced
changes in sea level in Chesapeake Bay proper. Water moves

in o
r

out o
f

the Potomac to match the tributary's level with that o
f

the main stem. Local and remote wind forcing can override thetwo­layer
gravitational circulation

f
o
r

intervals u
p

to a week. Theresult­ing
combination can b

e a one-, two- o
r

three- layer flow. In Elliott's

year- long records from the Potomac, the classical two- layer flow
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structure was present only 43o/ o o
f

the time. Wang and Elliott (1978)

found that local circulations in Chesapeake Bay tributaries could b
e

influenced b
y remote forcings well beyond the Bay, on the continental

shelf. In turn, sea level a
t

the entrance o
f

Chesapeake Bay could b
e

affected b
y continental shelf waves remotely generated b
y storms a
t

distances o
n the order o
f

500 km from the Bay entrance.

Within Chesapeake Bay's shallow water tributaries, most o
f

the remotely forced circulation is set up b
y

the oscillatory fluctuations

o
f

the Bay's sea level which are driven b
y wind stress and b
ygradi­ents

in atmospheric pressure. The primary mode

fo
r

these motions

is a rise and fall o
f

the upper Bay water level called the quarter-wave

seiche. In this mode, the water level near the mouth o
f

the Bay

remains nearly constant (a node), and the sea surface slopes upward

o
r

downward toward the head o
f

the Bay ( a
n antinode). These

oscillations, with a period o
f

approximately 2 days ( Wang and Elliott

1978; Wang 1979), can b
e seen in low-pass filtered ( to remove the

semi- diurnal and diurnal tides) water level records (Figure 2), with

maximum amplitude a
t

the head o
f

Chesapeake Bay and decreasing

amplitude toward the node near the mouth o
f

the Bay.

The magnitude o
f

the currents created b
y the seiche (Figure 3
)

is a
t

a maximum, not a
t

the nodal point, which is inside the Bay

( Chuang and Boicoun 1989) but nearby a
t

the entrance toChesa­peakeBay, where there is a constriction in cross- sectional area. These

oscillations are driven b
y strong winds and atmospheric pressure

fluctuations, and may b
e triggered b
y wind stress acting over only

the southern ponion o
f

the Bay. On the other hand, the highly

damped character o
f

these motions and the shallowness o
f

the Bay

indicate that they are primarily forced, rather than free, oscillations.

If they are, then the integrated wind stress over the entire length o
f

the Bay is active in producing these motions. In any case, these

oscillations constitute the dominant subtidal variability in flow and

sea level in the Bay. Olson's spectral model (1986) o
f

the subtidal

response o
f

the Bay to meteorological forcing predicted a peak

variance frequency in volume transpon a
t

0.4 cycles d
-

1
,

for

a
ll three

locations examined within Chesapeake Bay. This oscillation is the

quaner wave seiche response.
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Low- pass (Lanczos 34- h
)

filtered water level records in Chesapeake

Bay and the adjacent continental shelffor May and june 1985. From top to
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e Grace, Baltimore, Annapolis,
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Tunne4 Kiptopeake and Duck, North Carolina. The two-day period o
f
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Chesapeake Bay quarter-wave seiche is evident in the records .from thenorth­ern
portion o

f

the Bay, near the antinode.
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Mixing

Estuaries, including the Chesapeake Bay, have provided key

laboratories for experimentation o
f

transpon and mixing processes

o
f

the ocean. Many o
f

these studies, which have been reviewed b
y

Beardsley and Boicoun (1981) and ltsweire and Phillips (1987),

have addressed the critical unknown in the circulation o
f

both the

estuary and the open ocean - turbulent. mixing. Knowledge o
f

mixing processes where water, salt, heat and momentum are stirred

and mixed is crucial to unraveling estuarine physics, especiallybe­causemixing drives estuarine circulation. Mixing raises the potential

energy o
f

the water column by transferring salt from the lower layer

to the upper layer, thereby raising the center o
f

mass o
f

the water

column. This potential energy then provides the source

f
o
r

the

kinetic energy o
f

circulation.

The classical view o
f

estuarine mixing has depended primarily

o
n turbulence generated a
t

the estuarine boundaries ( the

s
e
a

surface,

the bottom and the shoals along the shoreline) b
y the oscillatory

motions o
f

tidal currents. In recent years, more attention has been

paid to the action o
f wind stress in mixing estuarine waters. A

problem with this boundary mixing, whether generated b
y tides o
r

driven b
y wind, is that our understanding o
f

the mechanisms for

transferring this mixing from the boundaries to the interior isun­cenain.The process o
f

turbulent entrainment, where turbulence

generated a
t

the boundary propagates away from the boundary,

mixing nonturbulent fluid a
s

it moves, does not provide a
nexpla­nation

for the observed venical distribution o
f

temperature, salinity

and density in partially mixed estuaries. While entrainment serves to

sharpen the pycnocline b
y creating two well-mixed layers, observed

profiles indicate a broad transition region between the upper mixed

layer and the bottom mixed layer. This inability for entrainment

models to explain the diffuse pycnocline structure has ledresearch­ers

to look for internal mixing modes that can produce the observed

profiles. Although many candidate processes have been offered -

internal-wave breaking, Kelvin- Helmholtz instabilities, o
r

dynamic

instabilities such a
s suggested b
y Pollard e
t

a
l. ( 1973)- most have

a common mixing source: internal velocity shear. Shear is the spatial
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gradient o
f

water motion, such a
s the upper layer o
f

the estuarine

circulation moving seaward over the landward- moving lower layer.

In their study o
f

wind- induced destratification in Chesapeake Bay,

Goodrich e
t

a
l. (1987) identified a critical value of the bulk

Richardson number R
i

( representing a ratio between stratification

and velocity shear), whereupon rapid vertical mixing takes place.

The coincidence o
f

this critical value with intervals o
f

reduced

stratification, o
r

complete destratification in the Bay providesevi­dence
for a

n internal mixing process that operates in conjunction

with mixing generated a
t

the boundaries.

Whatever the mechanisms through which the action o
f

wind

stress and bottom stress is transferred into internal mixing, aparti­tioningcan b
e made between the relative proportion o
f

mixing

energy derived from wind stress and from tidal interaction with the

bottom topography. For example, Farmer and Freeland (1983)de­veloped

a
n energy budget for Knight Inlet, a fjord estuary, and

found that the amount o
f

mixing energy from wind stress was about

one-third o
f

that produced b
y

tidal currents interacting with the

bottom topography. While such partitioning between the effects o
f

wind and bottom friction has not been carried out

f
o
r

Chesapeake

Bay, the expectations are that wind mixing is relatively moreim­portant
because the Bay's tidal range is significantly lower than

Knight Inlet (Goodrich e
t

a
l. 1987). In the tributary estuaries in the

southern portion o
f

Chesapeake Bay, bottom- generated mixingap­pears

to play a dominant role, such that spring tidal currents create

a destratified water column (Haas 1977). Such spring-neapstratifi­cation
variability is less evident in the northern Chesapeake Bay

tributaries, presumably because the tidal amplitude is lower.

When the strong, oscillatory motion o
f

tidal currents interact

with features o
f

the bottom topography, the result is not only the

generation o
f

turbulence for mixing, but also the production o
f

flow

structures such a
s

jets and eddies. If these flows are averaged over a

tidal period, then the average measured b
y stationary current meters

(Eulerian) usually does not agree with averages measured b
y

drifters

moving with the water (Lagrangian). The difference between the

Eulerian and Lagrangian means is called the Stokes drift. AI; Ianiello
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(1977) pointed out, the magnitude o
f

these Stokes transport velocities

can amount to the same order a
s

the Eulerian mean velocities.

Flow structures such a
s

jets and eddies produced b
y the tide

flowing over ridges, sills, lateral shoals, o
r

other topographic features

seldom disappear in tidal averages. The reason for their appearance

in tidal averages is that these features form a
s narrow, high-velocity

flows downstream o
f

topographic disturbances. I
f such a disturbance

happens to b
e upstream from a current- meter mooring during one

phase o
f

the tide, then the measurements will reflect these higher

velocities, which

a
re elevated above the surrounding tidal flows.

Upon reversal o
f

the tide, the jets and eddies will n
o longer form on

the current- mooring side o
f

the topographic feature and, therefore,

will n
o longer b
e

seen b
y

the current meter a
s

elevated velocities.

These flows can produce velocities that are sufficiently elevated above

the surrounding flows that they dominate the tidal average. The

shears and rotating flows associated with these tidal means constitute

what Zimmerman (1978) calls residual vorticity. In addition to the

dynamical effects o
f

tidal- generated vorticity, there are significant

effects o
n the patterns and rates o
f

dispersion.

An example o
f

three- dimensional flow features producing Stokes

drifts and residual vorticity can b
e seen in measurements from a
n

intensive array o
f

3
9

current meters moored in a short ( 8
-

km)sec­tion

o
f

the Potomac River estuary (Boicourt 1982). Lateral shoals

and headlands produce- jets and eddies in the upper layer (Figure 4
)

that are decoupled from the flows in the lower layer (Figure

5
)
.

During ebb tide, the headland (Ragged Point) o
n the southern

shore o
f

the estuary creates a strong

je
t

and

le
e

eddy seaward o
f

the

promontory. Similar structures

a
re generated b
y

Piney Point, o
n

the

northern shore. Corresponding jets and eddies are generated upriver

during flood tide. While the average o
f

a
ll the upper- layer flow is

seaward, locally these tidally generated features can dominate the

Eulerian means, to the point where the classical central channel can

also influence the means, although the influence is only obvious

near the bottom. One-month mean flows (Figure 5
)

are consistent

with a lateral pycnocline tilt (associated with the rotation o
f

the

earth), such that the upriver flows below the pycnocline are stronger
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Figure 4
.

( a
)

Instantaneous velocity measured a
t

a depth o
f

2.4 m near the

end o
f

ebb tide a
t

1500 o
n May 31, 1978 in the Potomac River estuary.

( b
}

One-month mean velocities.
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Lower Layer

( a
)

Figure 5
.

( a
)

lmtantaneous velocities a
t

deeper levels o
f

the Potomac River

estuary a
t

the same time a
s

upper- layer velocities shown in Figure 4
.

( b
)One­monthmean velocities. Measurement depths ( m

)

are indicated a
t

the heads o
f

the arrows.
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in the nonhern ponion o

f

the central channel. The pycnocline tilt

may b
e sufficiently large that the depth o
f

no net motion is deeper

than the 7.2 m measurement o
n the southernmost mooring. A
t

deeper depths, topographic interactions produce mean flows that

are oppositely directed. The mean flow a
t

1
8 m in the central

channel mooring off Ragged Point indicates a seaward flow o
f

2 em/

s
,

while the 1
8 m instrument in the channel mooring off Piney

Point (4 km seaward) shows a
n upriver mean o
f

4 cm/ s
.

Bottom topography also influences the location o
f

someestua­rine
fronts that are generated and destroyed on tidal time scales.

The mechanism

fo
r

the generation o
f

longitudinal fronts is probably

differential advection (with the faster flow over the center channel

moving water o
f

different density alongside the slower moving water

in the adjacent shallows) in the presence o
f

a longitudinal salinity

gradient, a
s

discussed b
y Huzzey and Brubaker (1988). Lateral fronts,

also locked to bottom topography, can b
e formed in the lee o
f

headlands. Kuo e
t

a
l.

( 1988) described a James River front where a
n

ebb- flow eddy recirculates saltier water back to the frontal region

( locked to a steep bottom slope), whereupon it plunges under the

lighter water on the opposite o
f

the front. Estuarine fronts, whether

tidally generated and topographically locked o
r

large- scale features

resulting from pycnocline surfacing (Beardsley and Boicoun 1981),

are likely to b
e imponant to venical and lateral exchanges, a
s pointed

out b
y Garvine (1977). Estuarine plume fronts such a
s thoseema­nating

from Chesapeake Bay (Figure 6
)

(Boicoun e
t

a
l. 1987) can

occur within the Bay, a
s low- salinity water from tributary estuaries

enters the main stem.

Lateral Processes - Upwelling, Tilting and Internal Seiching

Most o
f

our knowledge o
f

estuarine circulation has been derived

from field programs that have ignored ( o
r

deliberately eliminated

through averaging) the variability in the cross- estuary, o
r

lateral

dimension. Although hints o
f

potentially imponant lateral processes

have been observed, the need to simplify the physics and to allot

limited observational resources in a field effon usually resulted in

experimental designs that favored the longitudinal and venical

d
i-
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Surface salinity map o
f

th
e Chesapeake Bay plume o
n April 7
, 1986.
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mensions. In recent years, investigators have begun to explore the

variability in the lateral dimension, and to examine the role o
f

this

variability in the transport and mixing processes. Stewart (1957)

showed that Pritchard's (1956) lateral dynamic balance in the James

River could b
e maintained b
y

centrifugal forces derived fromchan­nel
curvature, without any contribution from eddy friction. Dyer

(1973, 1977) and Doyle and Wilson (1978) provide supporting

evidence for the importance o
f

centrifugal forces from observations

in the Vellar and Hudson estuaries. Dyer ( 1977) offered somesug­gestions

a
s

to likely modes o
f

lateral circulation in estuaries. Some o
f

these modes, such a
s

helical secondary circulations generated by the

conservation o
f

vorticity in shear flow around a channel bend, have

firm observational support. Others, such a
s the double-cell lateral

flow structure h
e

predicts

f
o
r

strongly stratified estuaries, needfur­ther
investigation.

In partially stratified coastal plain estuaries such a
s theChesa­peake

Bay, the most obvious lateral structure is controlled b
y the

rotation o
f

the earth. In the northern hemisphere,

th
.

e pycnocline

tilts downward to the right o
f

a
n observer facing seaward. This tilt,

which is in approximate geostrophic ( o
r

more specifically, Margules)

balance (where the pressure gradient associated with the tilt isbal­anced

b
y

the Coriolis force associated with the motions o
f

the two

layers) with the shear o
f

the gravitational circulation, amounts to 3

to 5 m pycnocline height difference across the middle reaches o
f

the

Bay. Pritchard (1952) recognized that wind forcing could reverse

this

ti
lt and drive upwelled water o
n

the western shore o
f

the Bay.

He invoked this process to explain the occurrence o
f

low- oxygen

water along the shallows o
n the western shore, creating crab "jubi­lees"

where crabs moved into the shallows in great numbers in

attempts to escape the undesirable conditions.

Carter e
t

a
l. ( 1978) observed wind- driven variations indis­solvedoxygen on the western shore o

f

the Bay, off Calvert Cliffs.

They measured continuous vertical profiles o
f

temperature, salinity

and dissolved oxygen b
y means o
f

a
n innovative " elevator" sampling

system mounted o
n

rafts (Figure

7
)
.

In their multiple- regression

models, wind impulse rather than wind stress was employed a
s the
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Figure 7
.

Dissolved oxygen in ppm (upper) and density (sigma,) (lower) off

Calvert Cliffi during

th
e

week o
f

August 22, 1976. Details are in Carter e
t

a
l

(1978).

independent variable for meteorological forcing. Wind impulse, which

is wind stress acting over a period o
f

time, produced significantly

better regression models than wind stress. Part o
f

the reason for the

higher correlations between models and observations may have been

the phase lag between forcing and response. The use o
f

impulse will

incorporate a phase lag that will vary according to the time history

o
f

the wind. Models were constructed

f
o
r

three depths: 0
,

6 and 1
2

m
.

For the surface layers, the two major independent variables were

offshore (cross-Bay) wind impulse, which accounted for 4
1

o
/

o o
f

the

variance, and diurnal variation in solar energy ( insolation), which

accounted for 20% o
f

the variance. A
t

12 m, the alongshore compo-
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nent o
f

the wind impulse accounted

fo
r

38o/ o
,

and the offshore

component accounted

fo
r

lOo/ o
.

Both regressions had r
2 > 0.8. The

conclusion from these regression models is that the most effective

wind direction for driving a pycnocline tilt (and a low- oxygen event

o
n the western shore o
f

the Bay) is nearly parallel to the axis o
f

the

Bay. Lateral upwelling (Tyler 1984) and pycnocline tilting (Malone

e
t

a
l. 1986) have been funher documented in the Chesapeake Bay.

At present, however, there is a need to refine the picture o
f

the

time-dependent response o
f

the pycnocline to wind driving.

A remaining question is the degree to which the pycnocline

tilt is a forced, highly damped response and how much is a free

oscillation o
f

a lateral internal seiche. Higher- mode lateral internal

seiches have been observed b
y Dyer (1982) in the Tamar estuary.

We would expect that internal wave dynamics would exen a strong

control o
n the response. The governing equation

f
o
r

the period T o
f

a seiche o
f mode M in a two layer system with upper layer depth h

1

and lower layer thickness h
2

, and b a
s estuary width,

is
:

T = 2b

MC

where C is the internal-wave phase speed:

c =

( E
q

1
)

( E
q

2
)

and g
'

is reduced gravity for the two- layer system with densitydif­ference

p
:

g
I = L

\-p

P
o

( E
q

3
)

Suppon for both the forced- response and the internal- seiche

view o
f

the pycnocline tilt can b
e found in the subtidal motion o
f

the Potomac River estuary. Boicourt's (1982) mooring array o
f

cur-



Influences o
f

Circulation Processes I 25

rent meters and temperature- salinity recorders showed pycnocline

tilt reversals driven b
y southeasterly winds (Figure 8). During these

events, the lateral velocity component was consistent with a tilting

pycnocline. Low- pass ftltering o
f

these velocity and salinity records

provides a picture o
f

a forced response to the wind stress and a

subsequent relaxation upon removal o
f

forcing (Figure 9a). However,

the unftltered records (Figure 9b) reveal substantial oscillations, where

salinity can fluctuate o
n the order o
f

6 salinity units over the tidal

cycle. Longitudinal salinity gradients are insufficient to produce

these oscillations b
y

tidal advection.

Vertical motions o
f

the pycnocline o
f

tidal frequencies must

b
e invoked to explain such signals. The decrease in the amplitude o
f

these signals in the longitudinal direction supports the hypothesis

that they are generated a
s

internal

le
e

waves a
t

a
n abrupt change in

bottom topography. A
s

in the atmosphere, internal

le
e

waves form

in stratified flows downstream o
f

a disturbance such a
s a mountain

range, a submarine ridge, o
r

a sudden increase in water depth. Such

waves have been observed b
y Farmer and Smith (1978) in fjords

and b
y Dyer and New (1986) and Brandt e
t

a
l.

(1986), in partially

mixed estuaries. The combined velocity and salinity records from

the Potomac study support the picture o
f

a combined forced-oscilla­tory
picture o

f

the lateral pycnocline tilt, whereby the internal, tidal

oscillations are superimposed o
n a ( forced) pycnocline tilt. In spite

o
f

the dense array o
f

instruments in this study, spatial undersampling

and concurrent energetic longitudinal processes prevented detailed

views o
f

the lateral pycnocline structure during the tilting events.

In the Chesapeake Bay proper, Sanford e
t

a
l.

(1990) observed

both the forced upwelling response and lateral oscillations a
t

tidal

frequency off Calvert Cliffs. T
o

first order, the internal tide appeared

a
s

a
n oscillation o
f

amplitude 2 to 3 m superimposed o
nwind­forced

motions o
f

the pycnocline. Sanford e
t

a
l.

(1990) suggested

that the internal tidal response would vary spatially because itap­peared

to b
e nearly resonant. Resonant conditions depend upon the

cross- section geometry and stratification. Although spatial coverage

and resolution o
f

these measurements were also limited, phaseinfor­mation
supported a picture o

f

lateral first- mode oscillations. A
s

in



3
1 32 33 34 35 36

--------....

"

0 3 4 5 6 7 8

Kilometers

22 23 24 25 26 T 27

I

I

\
I

I

I

\
/

I
I

~

I

1
0

. c
:

a
.

Q)

0

1
5

SALINITY ( 0
/ oo)

20

0 3 4 6

Kilometers

1
2

1
3 14 1
5

1
6

I 1
0

. c
:

a
.

Q)

0

1
5

20

250

Kilometers

Figure 8
.

Salinity (ppt} a
t

the three cross sections containing the moored

instrument array during the Potomac River experiment o
n june 13, 1978.

2
6



1
0

Velocity,

v
'

0
(em s

-
1

)

Lateral

Velocity, u
'

(em s
-

1
)

Salinity (ppt)

Velocity, v
'

( cms- 1
)

Lateral

Velocity, u
'

( cms- 1
)

0

Salinity ( ppt)

3
0 5 1
0

1
5

2
0

2
5

June, 1978

( b
)

15 2
0

2
5

3
0

June, 1978

Figure 9
.

( a
)

Low- passed filtered longitudinal velocity v
:

lateral velocity u
:

salinity and temperature a
t a depth of9.9 mat mooring PM25located in the

central channel o
f

the central a
"

a
y

in the Potomac River experiment; ( b
)

unfiltered portion o
f

the record.

2
7



28 I Oxygen Dynamics in the Chesapeake Bay

the Potomac River case, more detailed coverage will b
e necessary to

describe the pycnocline structure.

The increasing evidence for a myriad o
f

lateral circulation

processes (many o
f

which provide structure and control o
n thelon­gitudinal

circulations) has triggered interest in the role they play in

venical exchange processes and, in tum, the effect o
n dissolved

oxygen levels in the Bay's bottom waters. Although we understand

that processes such a
s pycnocline tilting and lateral upwelling are

likely to b
e imponant mechanisms o
f

such exchange, w
e

d
o not

have any quantitative estimate o
f

the transpon associated with these

processes . . A
$

a result, w
e

d
o not know how to panition the exchange

among the various component processes, o
r

even a separationbe­tween
lateral and cross- pycnocline exchange. The regularity o

flon­gitudinal
salinity gradients in the upper and lower layers o

f

the main

stem o
f

Chesapeake Bay might argue for quasi- steady mixing (such

a
s turbulence generated by tidal currents interacting with thebot­tom

topography) dominating the exchange processes. Possibleex­ceptionsmight b
e major episodic wind- mixing events such a
s those

documented b
y Goodrich e
t

a
l. (1987), o
r

sustained intervals o
f

lateral upwelling along the flanks o
f

the Bay. The problem remains,

however, that processes traditionally relegated to the category o
f

episodic events o
r

spatially localized mixing (such a
s storms o
r

pycnocline tilt reversals; Panch and Smith 1978; Brandt e
t

a
l. 1986;

Goodrich e
t

a
l. 1987) may b
e the dominant modes o
f

mixing and

venical exchange. Even a rough estimate o
f

these small-scalepro­cesses

is difficult because the quasi- steady processes o
f

tidal mixing

and gravitational advection act to smooth their effects.

Modeling Flow Dynamics

Our observational and mathematical descriptions o
f

thethree­dimensional
complexities o

f

estuarine flows have evolved considerably

from the classical two- layer, steady state model. Still, with

a
ll the

evidence

fo
r

intricate wind-driven and topographically induced flows,

the major transpon mechanism in Chesapeake Bay o
n time scales

longer than the synoptic meteorological variability (greater than 7 to

------------
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2 days) is still gravitational circulation. Is our knowledge o
fgravi­tational

circulation and wind- driven flows adequate to address the

relationships between physical and biological processes? A
t

present,

the answer must remain equivocal. Until recently, n
o three-dimen­sional

numerical model with sufficient spatial and temporalresolu­tionhad been developed for Chesapeake Bay. Such a model has

been constructed and is presently being calibrated, verified andexer­cised

o
n time scales appropriate to the oxygen-depletion problem ( a
t

least 5 months).

Modeling techniques, however, are not the primarylimita­tion:
greater obstacles to progress are the gaps in our understanding

o
f

the physical processes, especially with regard to the details o
f

transport and dispersion. Such details o
f

the vertical transport, o
r

mixing, o
f

oxygen are o
f

vital importance to the quantitativede­scription

o
f

oxygen depletion.

A revealing example o
f

our lack o
f

knowledge about mixing

processes is the uncertainty o
f

the mixing source for the three-layer

circulation in the Baltimore Harbor-Patapsco River estuary. The

cross- sectional area o
f

Baltimore Harbor is large enough that, for

most o
f

the channel, the tidal currents necessary to f
il
l and empty

the intertidal volume {the volume o
f

water between high and low

tide, often called the tidal prism) are weak, with amplitudes less

than 5 em s·

1
(Boicourt and Olson 1982). These small tidal currents

cannot produce the strong mixing necessary to drive the three-layer

circulation

v
ia boundary mixing. While wind must b
e the primary

source o
f

mixing energy in this tributary, the particular mechanisms

are uncertain.

Until our knowledge o
f

circulation dynamics is a
t

such a level

that the gravitational, wind-driven and topographically induced flows

can b
e accurately integrated within a numerical model, we will not

b
e able to provide a
n accurate description o
f

the influences o
f

physical

circulation o
n biological and chemical processes in Chesapeake Bay.

Such a model would necessarily incorporate temporal and spatial

details o
f

the mixing processes. There should b
e optimism, however,

that while w
e

are developing this detailed description, empirical
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quantitative relationships such a
s the bulk Richardson number shown

for Bay stratification by Goodrich e
t

a
l. ( I 987) will help u
s decipher

the primary connections.

Clearly, in the last decade there has been a substantial increase

in our understanding o
f

estuarine circulation processes - whether

the present understanding is adequate for dealing with the problem

o
f

oxygen depletion is probably best answered b
y examining the role

o
f

physical processes in controlling long-term hypoxia trends.

Hypoxia Trends: 1950- 1980

In 1948, the Chesapeake Bay Institute (CBI) initiated a series

o
f

Bay- wide surveys o
f

temperature, salinity and dissolved oxygen.

This measurement series, with

it
s consistent procedure

fo
rdeter­miningoxygen concentrations, was to provide major evidence that

the Bay's water quality- a
s

indicated b
y hypoxia- was in decline.

Flemer e
t

a
l.

( I 983) estimated the volume o
f

summertime oxygen

depletion from these data and emphasized the dramatic difference

in the volume o
f

anoxia between the years 1950 and 1980. Using

the same data, Officer e
t

a
l. (I 984) argued that the increase o
f

oxygen depletion over time is related to the yearly increase o
fnutri­ent

inputs to the Bay and the consequent rise in annual plankton

production. One o
f

the primary arguments

fo
r

a nutrient- produced

increase in summer hypoxia rather than a stratification- produced

increase is the lack o
f

a concurrent (1950 to 1980) increase in fresh

water inflow to the Bay. When EPA reported the results o
f

Flemer

e
t

a
l.

(1983), scientists argued that the 1950 to 1980 trend could

not b
e supported statistically b
y a record with a
s much interannual

variability. A
t

the time, a river-flow normalization was attempted,

but the correlations were s
o low that the connection was notestab­lished.

Seliger and Boggs (1988) reexamined the CBI oxygen data

and recalculated the volumes o
f

hypoxic water in the interval 1950

to 1985 (Figure 10). They found, in contrast to the conclusions o
f

Flemer e
t

a
l.

(1983), that the volume o
f

hypoxic water was related

to the April to May Susquehanna River flow, with a
n r o
f

0.83
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(Figure 11). The discrepancy in conclusions derived fromapproxi­mately
the same data is substantial, with each having fundamentally

different implications to the Bay's ecosystem. Although theinter­annual
variability is large, the calculations b

y Flemer e
t

a
l.

( 1983)

appear to indicate a
n

increasing anoxic volume over time; in thecal­culations

b
y

Seliger and Boggs (1988), the trend is less obvious. The

r between the hypoxic volumes determined b
y Flemer e
t

a
l. and the

April to May Susquehanna River flow is only 0.08 (Figure 12).

Why, when using the same data and the same geometrical

information o
n Chesapeake Bay ( Cronin and Pritchard 1975), is

there such a discrepancy? To begin with, each estimate employed

slightly different threshold values for hypoxia. More importantly,

different data- selection criteria were used. Seliger and Boggsin­cluded
the years after 1980, but they also included the years 1952

and 1958, which were excluded b
y Flemer e
t

a
l.

( 1983, Appendix B
,

Section 5). Both 1952 and 1958 were years o
f

extensive anoxia in

the Bay, with 1958 appearing a
s the most widespread o
n record.

The removal o
f

these two years would reduce the correlationdeter­mined

b
y Seliger and Boggs and, conversely, the inclusion would

increase those o
f

Flemer e
t

a
l.

(1983). Further support

f
o
r

the

connection between river flow and oxygen depletion is provided b
y

Malone (this volume), whose time-integrated thickness o
f

hypoxic

and anoxic waters (although not a direct measure o
f

depletionvol­ume)

is related to river flow in the years 1984 to 1988.

The suggestion for the primacy o
f

physical process control o
f

dissolved oxygen o
n

a
t

least weekly time scales comes from the

demonstration b
y Taft (1983) that oxygen differences across the

pycnocline are related to density differences and, hence,stratifica­tion.He assembled

a
ll available July data from the two CBI stations

located in the region where the maximum oxygen depletion occurs

and found that these differences i~ dissolved oxygen and density

were related with a
n r o
f

0.76 (Figure 13). The argument, then, is

this: because stratification controls vertical oxygen profiles o
n both

short and long time scales, stratification plays the primary role in

controlling oxygen depletion in the deep layers o
f

the Bay.How­ever,
the relationship is not exact, and there is a possibility that the
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amount and timing o
f

nutrient delivery plays a significant role in

controlling the volume o
f

anoxic water. Taft (1983) showed that

stratification control o
f

the vertical oxygen gradient does notneces­sarily
operate during the spring, when anoxia is developing. Apos­siblesupport

fo
r

a trend in the anoxia is that the May 1950 data

show stratification control, while the May 1980 data d
o not. It is

important to note that stratification does not necessarily control the

absolute concentrations, but the gradient o
r

concentrationdiffer­ence
across the pycnocline. If there has been a recent downward

trend in upper- layer oxygen values, then increased nutrient loading

would b
e a prime candidate for the cause o
f

such a shift.

While spatial undersampling may explain the difference in

calculations o
f

anoxic volume, a more serious problem is the result

1
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o
f

temporal undersampling. The high correlations found between

spring runoff and summer oxygen depletion were determined from

oxygen measurements made only once o
r

twice during the summer.

Malone e
t

a
l. ( 1986) observed shon- term fluctuations in dissolved

oxygen that h
e ascribed to meteorologically driven processes such a
s

lateral tilting o
f

the pycnocline and associated upwelling o
ren­hanced

venical mixing during storms.

Prior to yet another examination o
f

the same CBI data set

(which is being undenaken a
t

the Horn Point Environmental

Laboratory), two observations can b
e made concerning the anoxic

volumes: ( l) given the sometimes sparse data set and the geometry o
f

Chesapeake- Bay cross sections, the procedure for determininghy­poxic
volumes may produce substantial uncenainty; ( 2

)

the April to

May freshwater flow can explain a significant ponion o
f

the

interannual variability in oxygen depletion, and the connectionap­pears

to result from the suppression o
f

venical exchange b
ystratifi­cation.

Another conclusion from the river-flow normalization o
f

the

anoxic-volume variability is that the time-series record cannot b
e

used a
s prima facie evidence

fo
r

a
n increasing trend in oxygen

depletion spatially and temporally. Though this record was not the

only evidence cited b
y

the Environmental Protection Agency (1983)

for such a trend, it was a major component o
f

the case. It is imponant

that scientists and managers b
e cautious in the conclusions drawn

from the indicated river-flow normalization o
f

the hypoxia record.

This normalization reduced the trend inferred b
y EPA to the level

o
f

statistical insignificance; o
n the other hand, this normalization is

not sufficiently tight that it precludes the existence o
f

a trend, which

may b
e

slight, although it is symptomatic o
f

significant changes in

the ecosystem. The normalization does indicate that careful,de­tailedand accurate process observation and modeling will b
ere­quired

to definitively detect o
r

disprove the existence o
f

such a trend

in the extant records.

Given the magnitude and expense o
f

the plannednutrient­reduction
effons o

n Chesapeake Bay, establishing whether o
r

not

there is such a trend should b
e a research focus. The existence o
f

a
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trend, however, should not constitute the definitive test

f
o

r

the

adequacy o
r

advisability o
f

specific nutrient- reduction strategies for

the Bay. There is enough evidence for the deleterious effects o
f

excess nutrient loading to the Bay o
n other grounds s
o that nutrient

reduction would appear beneficial, for instance, for reversing the

widespread loss o
f submerged aquatic vegetation. But the lack o
f

a

trend in anoxic volume may signal that it should not b
e the sole

indicator b
y which to gauge the health o
f

Chesapeake Bay.

Major Influence o
n Hypoxia:

Freshwater Flow o
r

Nutrient Input

Although the strength o
f

the relationship between springrun­offand summer anoxic volume has not been definitivelydeter­mined,
the connection has been well established (Seliger and Boggs

1988; Malone, this volume) s
o that we would like to examine the

controlling mechanisms o
f

oxygen depletion in the Bay's bottom

waters. Spring runoff delivers the major annual supply o
f

fresh

water (Schubel and Pritchard 1986) and nutrients (Malone, this

volume). Because river flow increases stratification, and therebysup­presses
vertical exchange, we need to distinguish the relativeimpor­tance

o
f

each process o
n a seasonal time scale. Because the processes

o
f

nutrient delivery and stratification

a
re coupled, simple correlative

connections will not suffice to separate their influences.

One difficulty with the hypothesis that spring river flow/

stratification controls hypoxia concerns the phase relationships. For

the middle reaches, o
r

mesohaline region, o
f

Chesapeake Bay, the

phase lag between peak flow o
f

the Susquehanna River and peak

stratification is o
n the order o
f

one month. The phase lag between

the spring river flow and the summer oxygen depletion, however, is

2 to 3 months. If spring river flow controls the stratification a
tone­month

scales, it would seem unlikely to control vertical exchanges

over the longer time scales, and therefore spring runoff may not b
e

controlling the anoxia during summer.

A
n

examination o
f

salinity records from a long- term mooring

in Chesapeake Bay off the mouth o
f

the Patuxent River will help
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illustrate this apparent dilemma. The relationships between peak

flows o
f

the Susquehanna River and the vertical salinity differences

a
t

the Patuxent mooring seem bimodal (Figure 14). The primary

response in the stratification appears a
t

the one-month time scale.

There is also some suggestion o
f

a secondary, lower-amplitudere­sponse
shortly after the peak flows o

f

the Susquehanna. These rapid

increases in stratification are probably the result o
f

upper-layerin­trusions

o
f

fresh water propagating down the Bay in a manner

similar to the bore intrusions observed in the Chesapeake Bay plume

o
n the continental shelf (Chao and Boicourt, 1986). Because they

only occur a
s a one- layer gravity current, they only affect theupper­layer

salinity.

The primary, one- month response o
f

mid-Bay stratification to

a freshet from the Susquehanna River is a consequence o
f

the freshet's

spur to the gravitational circulation. The accelerated lower-layer flow

toward the head o
f

the Bay increases the landward transport o
f

salt.

Such a " rebound" response can result in a freshet increasing the

salinity o
f

lower-layer waters in the upper reaches o
f

the Bay over

levels prior to the freshet. Although observational lore providesex­amples

o
f

this rebound process (Schubel and Pritchard, 1986), the

details o
f

such transient and time-dependent responses to river- flow

pulses are poorly known. The influence o
f

topographic controls in

these (upper- and lower-layer) longitudinal intrusions is strongly

suspected ( Farmer and Armi 1986; Chao and Paluszkiewicz 1991),

but the process and

it
s effects have not been adequately observed in

the Bay.

A possible resolution o
f

the apparent discrepancy in time scale

between the one- month peak- to-peak response time and spring runoff

control o
f

summer anoxia can b
e found b
y examining a strong

wind- mixing event, which might b
e expected to decouple thiscon­trol.

In mid-June o
f

1986, for example, a storm destratified

Chesapeake Bay in the manner described b
y Goodrich e
t

a
l. (1987).

This event can b
e seen in Figure 1
4

a
s a rapid decrease inlower­layer

salinity a
t

the long-term mooring, and a resulting verticalsa­linity
difference approaching zero. It could b

e argued that in the

absence o
f

any appreciable river flow within the month preceding,
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this event should effectively decouple the stratification (and hence,

the hypoxia) from any control that the spring runoff might exert.

But in early July, 1986 (Figure 14), the Bay restratified without a

noticeable driving event in the flow o
f

the Susquehanna River. The

buoyancy to supply this restratification came from the horizontal

salinity gradient along the axis o
f

the Bay. Although destratification

mixed the water column to near homogeneity, upper Chesapeake

Bay remained fresher than lower Chesapeake Bay, and the Bay a
s

a

whole remained fresher than the adjacent continental shelf waters.

This salinity gradient was then available to drive a gravitational flow

o
f

lower salinity water moving seaward over landward-moving higher

salinity water, thereby restratifying the water column.

CCA

1
2 =1t~:

NOV DEC JAN FEB MAR APR MAY JUN JULY AUG SEP

1985 1986

Figure 14. Susquehanna River flow and salinity for mid-Chesapeake Bay,

1985- 1986. Salinity was measured a
t

station CCA off the mouth of the

Patuxent River a
t

a depth o
f

3 m (solid line) and 13.7 m (dashed line).

Bottom panel shows salinity diffirmce between upper and lower layers. Solid

and dashed straight lines are drawn between river flow events and possible

corresponding romts in the salinity- diffirence signaL
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This ability o
f

the Chesapeake Bay to restratify afterwind­mixing
events depends upon the longitudinal gradient o

f

cross-sec­tionalmean salinity along the axis o
f

the Bay, which in turnde­pendsupon the prior history o
f

freshwater runoff (Boicoun 1969).

For the Bay a
s a whole, this ability would presumably b
e

a
t

amaxi­mum
after spring river flow, when the mean salinity o

f

Chesapeake

Bay is a
t

a minimum. The springtime buildup o
f

fresh water within

the Bay can b
e seen a
s a " buoyancy reservoir" that is later available

for restratification after wind mixing. This buoyancy reservoirpro­vides
a mechanism for the runoff maximum to exen a

n influence on

stratification that can extend through destratification events to the

summer hypoxia. Although the 2 to 3 month interval betweenmaxi­mumrunoff and summer hypoxia is longer than the observedone­month
delay between Susquehanna River freshets and stratification

peaks, spring runoff can determine summer stratification b
y

setting

the starting point for a gradual decay a
s river flow decreases.

The spring river flow therefore can control the summerstrati­fication,and the volume o
f

anoxic water, through the buildup o
f

fresh water - a buoyancy reservoir - in the Bay. The time scale

for the effects o
f

this buildup will b
e greater than the one month

peak- to- peak response time. A possible explanation for the Seliger

and Boggs (1988) high correlation between river flow and oxygen

depletion from temporally undersampled data may

li
e in the ability

for the Bay's buoyancy reservoir to reestablish a
n equilibriumstrati­fication

after shon-term meteorologically driven reaeration events

(Malone e
t

a
l. 1986). With high rates o
f

biochemical oxygencon­sumption

in bottom waters, the hypoxia could then b
e reestablished

to levels controlled b
y the stratification. Since the CBI cruises were

usually conducted over intervals o
f

approximately one week, the

oxygen-depletion volumes may b
e relatively unaffected b
y theocca­sional

shon-term intervals o
f

oxygen reaeration. Such a possibUity

can b
e tested b
y a reexamination o
f

the higher-frequency oxygen

data o
f

Malone e
t

a
l.

( 1986) and Sanford e
t

a
l.

(1990), inconjunc­tionwith the spatially extensive data o
f

the Chesapeake BayMoni­toring
Program.

Although the evidence suppons the conclusion that stratifica-
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tion influences the volume o
f

hypoxic o
r

anoxic water inChesa­peakeBay, the question remains: how can this physical process serve

a
s

the primary regulatory mechanism for the fundamentallybio­chemical
process o

f
oxygen depletion? The first part o

f

the answer is

that stratification does not control oxygen depletion per s
e but the rate

o
f

vertical exchange and, therefore, the rate o
f

reaeration o
flower­layer

waters. The second pan o
f

the answer is a finding (Malone,

this volume) that the rate o
f

oxygen consumption in the Bay'sbot­tomwaters is relatively invariant from year to year. Therefore, the

balance between oxygen consumption in waters below the pycnocline

and supply o
f

oxygen from above appears to b
e controlled b
yvaria­tions

in supply, which is in tum controlled b
y

stratification.

A difficulty with this simple explanation o
f

oxygen depletion

is that water column oxygen consumption and sediment oxygen

consumption are combined a
s

a net consumption. Kemp and

Boynton (this volume) show that sediment oxygen consumption

appears to have greater interannual variation than oxygenconsump­tion

in the lower-layer water. In addition, they demonstrate that

benthic nutrient retention and recycling produce a
n oxygen- demand

component with a one- year time lag. Their conclusion thatsedi­ment
oxygen consumption is important only a

t

the beginning and

the end o
f

the summertime oxygen depletion may provide a
nexpla­nation

for possible water-column dominance in oxygenconsump­tion.However, separation o
f

these effects will b
e

necessary tore­move
uncertainty in the simple stratification- control model.

Although we can explain how spring runoff may controlsum­mertime
stratification in Chesapeake Bay, it is not yet possible to

provide a quantitative description o
f

the process. One reason for

this difficulty is the influence o
f

wind- driven mixing variability, not

only in generating noise in the stratification record, but also in

generating mean effects through nonlinearities. Simple arguments

have supported the strong influence o
f

river flow o
n hypoxia and

anoxia volume through stratification; however, substantial workre­mains
before we can dearly demonstrate the relative roles o

fstrati­ficationand nutrient delivery in producing the degree o
f

summertime

oxygen depletion.
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Physical Processes and Biological Rates

Within a given water body, the present distribution o
fproper­ties,

whether conservative (not created o
r

lost) o
r

non- conservative,

reflects the processes o
f

advection and dispersion integrated over

some time prior to the present. If w
e know some o
f

these processes

o
r

property distributions, then w
e

can use this knowledge to extract

insight into the other, lesser-known processes. Temperature and

salinity,

f
o
r

instance, serve a
s semi- independent tests o
f

advection

and dispersion models. Although salinity is not stricdy conservative

in the estuaty, it is nearly s
o and therefore a
n

especially valuable

tracer.

Temperature is less conservative than salinity in the estuary,

but it does not warrant the traditional neglect a
s a tracer o
f

estuarine

circulation. Seitz (1971) demonstrated the value o
f

temperaturein­formation

in Chesapeake Bay. From monthly hydrographic transects

up the axis o
f

the Bay, h
e revealed the seasonal development o
f

a

temperature minimum in the venical. He also revealed atempera­tureminimum in the horizontal, a
t

the nonhern end o
f

the deep

channel near the Bay Bridge (Figure 15). This deep minimum does

not imply a static mass o
f

cold water trapped a
t

the end o
f

the deep

channel. Current measurements and salinity distributions indicate

that there is a steady upestuaty flow through this minimum. The

minimum can b
e explained in it
s simplest form a
s a dynamicbal­ance

between horizontal advection and venical mixing. As the lower

layer gradually warms in the spring and summer, the estuarinecir­culation
brings warmer salty water from the southern reaches o

f

the

estuary and carries it under the slower-moving water near the

pycnocline. The increase in lower-layer temperature nonhward o
f

the minimum is the result o
f

shoaling o
f

the channel and a
nassoci­ated

increase in venical exchange (both advection and diffusion).

The same processes that determine the structure and location

o
f

the temperature minimum in Chesapeake Bay also control the

distribution o
f

oxygen. For this reason, the oxygen- depletion zone

has a close correspondence to the temperature minimum. Over the

southern pan o
f

the zone, venical oxygen profiles often show a mid-



4
2 I Oxygen Dynamics in the Chesapeake Bay

depth minimum. In addition, the horizontal minimum in oxygen is

usually a
t

the northern end o
f

the deep channel. A
s

in the case o
f

temperature, this distribution structure

is
,

to first order, controlled

b
y

a balance between vertical exchange and horiwntal advection.

We can write a simple balance for the lower layer dissolved oxygen,

following a parcel o
f

water:

=

a
o

2

+ v-- =

a
x Q + s
.

I

(Eq 4
)

where:

v is the velocity component in the longitudinal o
r

y axis, with

positive flow directed out o
f

the estuary

Q is the source term, which includes both internal sources and

vertical exchange from the upper layer

s
i

is consumption from both the water column and the bottom

sediments

Observed distributions can b
e employed to estimate these

nonconservative rates o
f

oxygen consumption. Two successivelon­gitudinal
profiles o

f

surface and bottom dissolved oxygen from the

Chesapeake Bay Program Mainstem Monitoring are shown inFig­ure
16. From the perspective o

f

a water parcel moving up theestu­ary,
the decline in near-bottom oxygen represents the consumption

b
y

benthic and water- column processes along

it
s path. This decline

in oxygen is remarkably linear from the entrance to the Bay to the

oxygen minimum wne. Some o
f

the indicated decline is the result

o
f bottom depth increasing from the lower Bay to the deep channel

that begins below the mouth o
f

the Potomac River. The depth o
f

this deep trough does not vary significantly from the Potomac River

to the Bay Bridge.

From the view o
f

a
n observer a
t one location in the estuary,

the upestuary flow in the lower layer represents a
n influx o
f

higher-
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oxygen water. If we approximate the longitudinal oxygen gradient a
s

linear, then we can estimate a lower bound for the rate o
fconsump­tion

in the lower layer. Given that the horizontal deep waterveloc­ityv is o
n the order o
f

-10 em s· ', then the advective contribution

to the oxygen balance in the lower layer is 0.4 mg L· ' d - I. If we

assume that there is n
o source o
f

oxygen from venical exchange o
r

from photosynthesis, then the magnitude o
f

the consumptive rates

must b
e

a
t

least 0.4 mg
L
-
'

d
- 1

to balance the contribution from

horizontal advection. If these benthic and water-column rates o
f

consumption did not surpass advective reaeration, then theoxygen­depletionzone would disappear. During the two-week intervalbe­tween
the two cruises (Figure 16), oxygen levels increased in the

southern ponion o
f

the Bay, below latitude 38° 40' N
.

This increase

is probably a combination o
f

both advection and venical exchange,

because oxygen levels increased in the upper layers during the same

interval. The rate o
f

lower-layer oxygen increase is less than the rate

o
f

advective reaeration, indicating that consumption is still active.

To maintain o
r

decrease oxygen levels in the Bay,consump­tionmust occur a
t

sufficiently high rates to balance o
r

surpass

reaeration from both horizontal and venical exchange. What, then,

is the controlling reaeration process? Kuo and Neilson (1987) show

that variations in the strength o
f

the gravitational circulation can

explain differences in hypoxia between the James, York and

Rappahannock rivers in the southern pan o
f

Chesapeake Bay. Here,

stronger gravitational flows provide increased oxygen supply o
r

a

decreased transit time through the deeper hypoxic regions o
f

the

tributaries. In the main stem o
f

Chesapeake Bay, increased spring

river flow increases both the gravitational circulation andstratifica­tion.
However, gravitational circulation would act to increasedis­solvedoxygen concentrations in the lower layers o

f

the Bay ( b
y

advecting water with higher concentrations o
f

oxygen from thesouth­ernponions o
f

the Bay), while stratification acts to decrease oxygen

levels. The correlation between spring river flow and oxygen-de­pletedvolume indicates that the stratification control wins thecom­petition
between these two processes. Although stratification ap-
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pears to win over advection in the main stem, the demonstrated

effects o
f

gravitational circulation in determining the shape and

location o
f

the oxygen-depletion wne imply that advection is fa
r

from negligible. These processes

a
re highly coupled and, therefore,

deciphering the process details will not b
e

a
s simple a
s the linear

connection between runoff and oxygen-depletion volume mightsug­gest.

In summary, knowledge o
f

the physical processes o
f

advection

and diffusion can b
e employed to develop estimates o
f

net rates o
f

consumption. Temperature and oxygen have a parallel structure

during the spring and summer seasons in Chesapeake Bay because

the sources for both heat and oxygen are located nearly uniformly a
t

the Bay's surface and in the southern reaches o
f

the Bay. Inaddi­tion,
the oxygen sink is located in the Bay's deeper layers (and a

t

the

bottom), where cooler temperatures remain from the previous winter's

cooling. Vertical exchange will transport heat and oxygen from the

upper layer to the lower layer, while the gravitational circulation will

bring warmer, more oxygenated water from the shallow regions in

the southern Bay. The vertical velocity profile o
f

the gravitational

circulation is such that this warm water will underride slower-mov­ingwater and create a temperature and oxygen-minimum layerim­mediately
below the pycnocline.

Topography and advection confine the oxygen-depletion wne

to the northern portion o
f

the deep channel o
f

the Bay. The deep

channel is s
o

well insulated from vertical exchange thatconsump­tion
can overcome supply from production and reaeration. A

s

with

the temperature minimum, the stationary position o
f

the oxygen

minimum should not imply that the water is also stationary. Both

the temperature and oxygen minima are dynamic features, with

inflows and outflows. A
s

a parcel o
f

water moves u
p the Bay in the

lower layer, consumptive processes act to remove oxygen. A
t

the

north end o
f

the deep channel (near the Bay Bridge), the parcel is

moved to shallower depths b
y

the gravitational flow. In theshal­lowerdepths north o
f

the Bay Bridge, reaeration b
y

verticalex­change
overcomes consumption and the oxygen concentration o

f

the water parcel increases. The topographic shoaling a
t

the north
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end o
f

the deep channel usually provides a strong constraint to the

northward propagation o
f

hypoxic o
r

anoxic waters. In years o
f

extensive anoxia, o
r

during strong up-Bay surges driven b
ymeteoro­logical

forcing, oxygen-depleted water can b
e found nonh o
f

the

deep channel.

Learning &om the Tributaries

The observations o
f

summer oxygen depletion in Chesapeake

Bay tributaries has raised questions about whether such occurrences

are controlled b
y

local processes, o
r

are imponed from the main

stem o
f

Chesapeake Bay. The implications for management areob­vious:

if local processes determine the health o
f

the tributary, then

actions necessary

f
o
r

restoration and conservation o
f

water quality

would b
e

limited to the domain o
f

the tributary and it
s watershed.

I
f
,

o
n the other hand, the primary control o
f

oxygen depletion

derives from the Bay proper, then the magnitude o
f

themanage­ment
problem becomes substantially greater.

In spite o
f

the additional complexity provided by the Bay­versus-

local-control question, recent studies designed to address the

water quality in tributaries can offer helpful insight to dissolved

oxygen processes. The smaller scales o
f

tributaries make them more

amenable to high-resolution observation. More imponandy, they

represent microcosms with similar, but somewhat independentpro­cesses
from which to gain insight into the dynamic balances of

oxygen and nutrients in the coupled Bay-tributary system. The

Patapsco River estuary (Baltimore Harbor) is a
n example o
f

such a

microcosm, where the main stem provides the density structure

(and the potential energy)

f
o
r

three-layer gravitational flow, though

local mixing processes within the tributary exen the primarycontrol

o
n the strength o
f

the circulation (Boicoun and Olson 1982).

Kuo and Neilson (1987) provide a
n explanation

f
o
r

thepara­doxical
variation in hypoxia in the Bay's Virginia tributaries. The

James River receives a greater nutrient loading than the York River

o
r

the Rappahannock River and yet has the fewest episodes o
f

hy-
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poxia. Kuo and Neilson (1987) suggest that the strongergravita­tional
circulation o

f

the James River minimizes the transit time o
f

water through the deep hypoxic region o
f

the estuary. A stronger

gravitational circulation would also provide reaeration o
f

water from

the lower reaches o
f

the tributary, o
r

outside the tributary, from the

Bay proper. An alternate explanation might b
e that, given thelongi­tudinalgradient in dissolved oxygen in the Bay (Figure 16), the

northward- increasing hypoxia in the tributaries is the result o
f

pre­conditioning

o
f

the source water from the Bay, where bottomoxy­gen
concentrations decrease in a northward direction. Kuo and

Neilson (1987) point out that some o
f

their data indicate thispos­sibility.While they think that the transit- time differences between

the James and the York rivers is the most likely explanation, they

also feel that the influence o
f

source- water explanation might affect

the difference between the York and the Rappahannock rivers.

Recent studies o
f

the Patuxent and Choptank rivers weremo­tivated

b
y water quality concerns. Increased nutrient loading to the

Patuxent watershed has been correlated with a
n increase in oxygen

depletion within the estuary (Heinle e
t

a
l. 1980). Theunderstand­ing

that we now have from recent studies is that local oxygencon­sumption
within the middle reaches o

f

the estuary exerts the primary

control o
n low-oxygen levels (Domotor e
t

a
l. 1989). Oxygen

depletion in the bottom waters o
f

the Patuxent is also enhanced b
y

intrusions o
f

anoxic waters from the Chesapeake Bay (Boicourt and

Sanford 1990). These intrusions are generated b
y two differentwind­drivenmechanisms that tilt the Bay pycnocline and draw anoxic

water over the entrance sill. Once this high-salinity water surmounts

the sill, it propagates u
p the Patuxent River a
s

a
n internal bore

along the bottom. These intrusions appear a
s surges, superimposed

upon the lower-layer inflow o
f

the steadier estuarine circulation.

In the Choptank, intrusions o
f

anoxic water from the main

stem o
f

Chesapeake Bay were thought to adversely affect oyster

populations (Seliger e
t

a
l. 1985). However, Sanford and Boicourt

(1990) found that these intrusions rarely penetrate to active oyster

bars. They documented intrusions which were

s
e
t

u
p

b
y the lateral
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tilting o
f

the pycnocline, and which were controlled b
y a series o
f

sills along the Choptank entrance channel.

In both the Patuxent and Choptank rivers, the occurrence o
f

oxygen depletion in apparently isolated basins in the middle reaches

o
f

the tributary (Domotor e
t

a
l. 1989; Sanford and Boicoun 1990)

suggests the dominance o
f

local consumptive processes over advection

from the Bay's main stem. In addition, the phase lead in oxygen

depletion o
f

these basins over depletion in the Bay proper ( Do motor

e
t

a
l. 1989) adds funher suppon for local control over main stem

remote control. In such dynamic, coupled systems, however,achiev­inga quantitative panitioning among the component processes o
f

local consumption and production, venical exchange, andhorizon­taladvection will require detailed information on each component.

Until this information is incorporated into a numerical model, we

will not b
e

able to resolve such questions a
s

why,

f
o
r

example,

Broomes Island is a locus for oxygen depletion in the Patuxent

River ( Domotor e
t

a
l. 1989). We will also not b
e able

to
properly

characterize the role o
f

intrusions o
f

lower-layer water from the

Chesapeake Bay. The possibility exists for these intrusions topro­videa trigger mechanism for oxygen depletion, even though the

primary consumption operates locally.

In addition to the larger tributaries such a
s the Patuxent and

Choptank rivers, smaller tributaries such a
s Rock Creek off the

Patapsco River ( Copp and Boicoun 1988) provide test cases

fo
r

the

study o
f

oxygen depletion. When these cases are combined with the

larger tributaries, they form a
n ensemble within which each estuary

is driven b
y approximately the same seasonal signal o
f

runoff,nutri­entloading and atmospheric forcing. In this context, the smaller

deviations o
f

the signals from the means and the individual behavior

o
f

each tributary can b
e revealing. For this collective view to b
e

effective, quantitative knowledge o
f

the exchanges between thetribu­taryand the main stem is essential. The ongoing monitoringpro­grams

o
f

the State o
f

Maryland, the Commonwealth o
f

Virginia and

the U
.

S
.

Environmental Protection Agency are a valuable source o
f

information from which to estimate end- member concentrations for

these exchanges.
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Research Summary and Management Needs

We have seen that the structure and circulation o
f

Chesapeake

Bay waters are primary influences o
n dissolved oxygen processes.

However, the present explanation that stratification controls the

balance between oxygen supply and consumption in the lower-layer

waters o
f

the Bay is only a first- order model supponed b
y

a
nincom­plete

s
e
t

o
f

data and analyses. The possibility remains

f
o
r

subtle,

nonlinear, biochemical controls that operate a
t

lower levels and that

are the keys to whether o
r

not there is a trend o
f

increasing oxygen

depletion in the Bay.

To confirm o
r

eliminate such a trend, physical influences must

b
e quantitatively described to a
n accuracy that will allow a similarly

accurate description o
f

the nonphysical controls. Conceptually, once

this description is complete, then the various influences can b
esepa­rated.This separation process, however, is not expected to b

e a

simple, linear extraction o
f component influences from time-series

records. The response o
f

Chesapeake Bay to physical forcing is a

richly nonlinear process. Linear separations have proved useful a
s

tools to gain initial insights into the underlying physics, though

more complete analysis must fully incorporate nonlinearinterac­tions.The dependence o
f

biological and chemical processes o
nphysi­cal

forcing is expected to b
e

a
t

least a
s nonlinear a
s the physics

alone. When biological and chemical interactions are included, the

complexity o
f

the system will b
e daunting.

We have seen that scientists have developed a substantial body

o
f

knowledge o
n the movements o
f

Chesapeake Bay waters and the

controlling physics. While this knowledge provides somesatisfac­tion,

it is insufficient to meet the challenge that is necessary

f
o
r

restoration and conservation o
f

the Bay's resources. How d
o we

improve this level o
f

knowledge? What should b
e the priorityre­search

effons? The complexity o
f

the problem requires both a
n

interdisciplinary approach and the quantitative integrating power o
f

a numerical model. Our primary research needs

li
e a
t

the extreme

ends o
f

a research spectrum:
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1
.

Increased detail and accuracy in describing small-scalepro­cesses.
2

.

Increased ability and accuracy in combining thesedescrip­tions
o
f

the manifold processes into a complex, interacting

whole.

The dilemma facing researchers is that greater detail andcom­plexity

in the individual components o
f

the system will make the

task o
f

building a framework to combine and unify these building

blocks extraordinarily complex. Faced with such complexity, it would

b
e too easy to · view Chesapeake Bay a
s a chaotic, hopelesslyinter­connected,and ultimately unmanageable system. However, apow­erful

array o
f

new observational tools such a
s

acoustic sonars and

satellite sensors, and advanced numerical and analytical techniques

hold promise for achieving a predictive understanding o
f

the flow

and mixing o
f

Bay waters and their influence o
n dissolved oxygen.

Armed with these tools, and with the new insights that they help

stimulate, scientists can address both the individual Bay processes

and look towards their integration into a working whole.

Yet a
n increased capability will not alone suffice to solve the

problem a
t

hand. Funhermore, the present level o
f

scientific effon

is unlikely to produce the degree o
f

understanding essential toresto­ration

o
f

Bay health. The primary research need to suppon the

proposed nutrient reduction effons has less to d
o with scientific

capability o
r

scientific endeavors than with the organization o
f

the

scientific effon.

A coordinated, targeted research effon is necessary forachiev­ing
a predictive understanding o

f

the Bay's ecosystem in time to

provide useful information for the policy making and resourceman­agement
process. Predictive understanding refers to both the shon

1 term (hours to days) for aiding the response to environmental events

and accidental spills o
f

contaminants, and the long term forpredict­ingconditions that result from management actions such a
sreduc­tion

in nutrient loading. The joint effon between the states o
f Mary-
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land and Virginia is just such a
n example to funher ourunderstand­ing

o
f

these processes.

Achieving predictability, o
r

even trend detectability, in the

Chesapeake Bay ecosystem will require a quantitative understanding

that is a
t

the state o
f

the a
n

o
f

present observational and analytical

techniques. The incorporation o
f

numerical models is essential for

combining the myriad, coupled processes that interact in complex,

nonlinear ways. For dissolved oxygen, which has been chosen a
s

a
n

indicator o
f

the health o
f

the Bay, the following specific effons

should b
e undenaken

1
.

Reexamine the 40-year oxygen record with modeling and

analysis to detect physical, chemical and biological trends.

2
.

Supplement the future record with high- frequencymoni­toring.

3
.

Incorporate numerical modeling within the analysis o
f

in­terdisciplinary
process studies.

4
.

Establish competitions to stimulate model development.

5
.

Establish a specific observation- model comparison activity

for model skill assessment.

6
.

Construct a trend- evaluation strategy to guidemanage­ment.
Although the existing record is undersampled in time and contains

noise resulting from shon-term fluctuations in summer oxygendeple­tion,the provocative results from Seliger and Boggs (1988) indicate

that funher analysis is warranted. Their high correlation between

spring runoff and oxygen-depletion volume is a challenge to reanalyze

the record in a
n attempt to extract the biologically mediated signals

b
y accurately removing those due to physical forcings. While the

present monitoring survey frequency o
f

2
0 per year is a substantial
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improvement over the previous sampling strategy, recent research

has shown that much o
f

the observed change in the ecosystem does

not occur in a smooth manner, but in highly episodic pulses,prima­rily
forced b

y the atmosphere. Unless the present monitoring scheme

is supplemented with continuous high frequency sampling from

moored platforms, the ability to improve our understanding o
f

the

processes o
f

change will b
e

severely hampered.

The wide range o
f

time scales o
f

the oxygen- depletionprob­lemand the high degree o
f

coupling among physical and biological

processes presents a daunting complexity to both observational and

analytical effons. From meteorologically driven reaeration events, to

seasonal stratification and oxygen depletion, to one- year benthic

nutrient retention, to decadal trends that are possibly caused b
y

human beings- innovative and interdisciplinary techniques will b
e

necessary to encompass and separate such a range. The integrating

power o
f

numerical modelling will b
e essential

fo
r

the analytical

phase o
f

studies, but will also prove invaluable in the design phase

o
f

field programs.

Given the imponance o
f

modeling and analysis to the nutri­ent-

reduction strategy o
f

the Bay-restoration effon, the number o
f

semi-independent modeling teams assigned to the task is inadequate.

Modeling competitions such a
s were conducted recently for Nonh

Sea circulation are beneficial for enhancing development andim­provingaccuracy o
f

numerical techniques. With computer resources

n
o longer the primary limiting factor in the costs o
f

numerical

modeling activities, the ability to assemble and target skilled labor

for the task becomes increasingly imponant. Evaluation o
f

theac­curacy

o
f

the resulting models has traditionally been relegated to a

necessary, but

f
a
r

insufficient, comparison o
f

too little model output

with a
n inadequate amount o
f

data. We are learning thatmodel­observationcomparison and model skill assessment requires high

levels o
f

skill o
n the pan o
f

examiners. If modeling is s
e
t

u
p

a
s a

major element in the decision making process for management o
f

the Chesapeake Bay's resources, then a distinct effon in this area

should b
e supponed. Finally, a
n identified trend-assessment activity

should b
e instituted. Unless we develop unambiguous criteria for
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evaluation o
f

the Bay's responses to management actions, theflex­ibility
to adjust these actions to meet the specified goals will b

e

lost

in controversy.
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Introduction

Assemblages o
f

planktonic organisms form a critical linkbe­tween
nutrient inputs and fish production in coastal ecosystems

such a
s Chesapeake Bay. Global scale correlations between major

nutrient inputs- nitrogen, phosphorus and silicon -phytoplank­ton
production and fish yield

a
re a
n expression o
f

this linkage ( e
.

g
.
,

Cushing 1982; Jones and Lee 1982; Nixon and Pilson 1983).

However, such correlations are often not evident o
n the smaller

scale o
f

coastal ecosystems where increases in nutrient input ( from

both natural and anthropogenic sources) have led to declines in

water quality and lower fish yields. The extent to which nutrient

enrichment leads to such declines rather than to enhanced fisheries

production depends in part o
n the kinetics o
f

the response o
f

phyto-

6
1
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plankton to nutrient enrichment; it also depends o
n the degree o
f

coupling between phytoplankton production and the removal o
f

this production b
y grazing populations such a
s zooplankton.There­fore,

the development o
f

predictive models relating nutrientenrich­ment

to water quality and living resources depends o
n how well the

rates and pathways b
y which organic matter is produced andcon­sumed

can b
e specified in time and space.

Phytoplankton productivity responds to variable nutrient supply

o
n different time scales depending o
n the degree to which the rate

o
f

nutrient assimilation is limited b
y

nutrient concentration. The

growth rate over time o
f

planktonic populations is typically ahy­perbolic
function o

f

nutrient concentration, i. e
., growth rate is nu­trient-

limited a
t

low concentrations, but becomes nutrient- saturated

a
t

high concentrations. An important feature o
f

this response is that

nutrient- deficient cells are able to incr~

a
s
e

their rate o
f

nutrient

uptake without increasing in number. Uptake is rate limited. Once

cells become nutrient- saturated, increases in nutrient uptake rate

can only occur b
y

increasing the number o
f

cells. Uptake is limited

b
y the number o
f

cells o
r

biomass present. Thus, phytoplankton

productivity exhibits a rapid (hours) response to variable nutrientsup­plywhen nutrient uptake is rate limited and a slow response ( days}

when nutrient uptake is biomass limited.

Caperon e
t

a
l.

(1971) proposed that this fundamentalrela­tionship
could b

e used to model the response o
f

plankton food

chains to nutrient enrichment and to define eutrophication in the

context o
f

trophic dynamics. Eutrophication is a process in which

nutrients and productivity in a
n aquatic system increase, often leading

to oxygen depletion. In a
n oligotrophic system (characterized b
y

low nutrient loading), phytoplankton productivity is nutrient, o
r

rate limited. Consequently, changes in nutrient supply are rapidly

compensated

fo
r

b
y adjustments in the rate o
f

nutrient uptake.

Ambient nutrient concentration remains low and phytoplankton

biomass is stable and controlled b
y grazing. In contrast, in a eutrophic

system (characterized b
y high nutrient loading), growth rate isnu­trient

saturated and changes in nutrient supply can only b
e com-
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pensated for b
y relatively slow changes in phytoplankton biomass.

Under these conditions, phytoplankton growth rate is light- and

temperature-dependent; biomass tends to b
e unstable; andaccumu­lations

o
f

biomass are controlled b
y nutrient input. Thus, once the

rate-compensating capacity o
f

the phytoplankton community isex­ceeded,
large fluctuations in biomass may occur in response tovari­able

nutrient supply. Grazers such a
s copepods (with life cycles o
n

the order o
f

days to weeks) typically cannot respond quickly to these

fluctuations in phytoplankton biomass, and a ponion o
f

the organic

production remains ungrazed.

Such instability o
f

plankton populations has imponanteco­logical
consequences. For example, in aquatic ecosystems in which

phytoplankton account for most organic input, temporal lags between

phytoplankton production and zooplankton consumption result in

accumulation o
f

biomass, a phenomenon that characterizes nutri­ent-

saturated, biomass-compensating systems. The resultingsepara­tion

in time and space between photosynthetic production andhet­erotrophic
decay is a necessary precondition for oxygen depletion

(see Officer and Ryther 1977). A
s

discussed b
y Verity (1987) and

others (

s
e
e Greve and Parsons 1977; Bird and Kalff 1984; Tuttle e
t

a
l. 1987), such accumulations o
f

ungrazed organic material areof­ten
associated with a shift from metazoan food webs that lead to fish

production ( e
.

g
.
,

phytoplankton ~ copepods ~fishes) tomicrobial­dominated
food webs that lead to greater decomposition andoxy­genconsumption ( e

.
g
., phytoplankton ~bacteria ~protozoa). That

is
,

once phytoplankton production exceeds the grazing capacity o
f

zooplankton ( i. e
., grazers become food saturated) the resultingaccu­mulation

o
f

excess phytoplankton biomass sets the stage foren­hanced
microbial decomposition and oxygen depletion Qonas, this

volume).

Marine and estuarine systems appear to b
e more responsive to

climatic variability than

a
re terrestrial systems (Steele 1985). A
s

a

temperate zone estuary, Chesapeake Bay is subject to a variety o
f

climatic forcings which influence the growth and distribution o
f

phytoplankton and zooplankton populations a
s well a
s the distribu-
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tion o
f

dissolved oxygen. These include annual and seasonal changes

in incident radiation, freshwater runoff, winds and tides.Freshwa­terrunoff is o
f

central importance because o
f

it
s influence o
nnutri­ent

input, sediment load, buoyancy reservoir, and the residence

time o
f

water and organic and inorganic matter in the Bay (see

Boicourt, this volume). In this context, the mesohaline reach o
f

Chesapeake Bay ( the region between 5 to 2
0 ppt salinity) is o
f

particular interest for a variety o
f

reasons: ( 1
)

the Susquehanna

River accounts for most external nutrient input ( 2
)

much o
f

which

is assimilated within this region where ( 3
)

phytoplanktonproduc­tion

is high and ( 4
)

oxygen depletion is most severe.

A
s

is typical o
f

mid-latitude rivers, the annual cycle o
f

freshwater

discharge exhibits a spring maximum and a summer minimum.

Consequently, 5
0

to 60o/ o o
f

the annual nutrient input toChesa­peakeBay occurs during spring runoff (March through May).Ni­trate
(NO;") and particulate phosphorus are the predominant forms

o
f

nitrogen and phosphorus in freshwater discharged into the Bay.

A
s

a percentage o
f

total external ( riverine) inputs, the Susquehanna

River accounts

f
o
r

approximately 70o/ o o
f

total nitrogen, 60o/ o o
f

total phosphorus and 60o/ o o
f

dissolved inorganic silicon to the Bay

(Flemer e
t

a
l. 1985; D'Elia e
t

a
l. 1983), and about 80o/ o and 65o/ o o
f

the external inputs o
f

nitrogen and phosphorus to the mesohaline

reach (reviewed by Schubel and Pritchard 1986). These rough

estimates will b
e refined a
s more data become available. Inparticu­lar,

the data for silicon are not available for partitioning among

inorganic and organic pools, although D'Elia e
t

a
l.

(1983) estimate

that the biogenic silicon input is a
n order o
f

magnitude less than the

input o
f

silicon a
s

silicic acid. However, it is likely that thepropor­tion

o
f

biogenic silicon varies seasonally and with river flow a
sre­ported

b
y Anderson (1986) for the James, York and Rappahannock

rivers.

Although annual phytoplankton production is apparentlyre­sponsive

to external nitrogen input, recent reviews (Flemer e
t

a
l.

1985; Nixon 1981) indicate that these inputs support only a small

fraction ( I 0 to 20o/ o
)

o
f

phytoplankton production, the remainder
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being dependent o
n nutrient cycling within the estuary (see Kemp

and Boynton, this volume). Water circulation plays a key role in

the nutrient cycles o
f

partially stratified estuaries b
y increasing the

retention and recycling o
f

nutrients (Redfield 1955; Ketchum 1967;

Taft e
t

a
l. 1978; Malone e
t

a
l. 1988). The high productivity and

temporal and spatial lags between nutrient inputs andphytoplank­ton
productivity that characterize temperate estuaries have beenat­tributed

to such a
n interaction between circulation and nutrient

cycling.

The response o
f

phytoplankton to nutrient enrichment will

also depend o
n the form in which nutrients are input to the system.

For example, since most phosphorus enters the upper Bay bound to

particles, the kinetics o
f

phosphate desorption and regeneration will

influence the time-dependent relationship between input andphy­toplankton
production. Lags between biogenic silicon input and

subsequent phytoplankton utilization can also b
e expecteddepend­ingon decomposition and regeneration rates. Because river input is

the major source o
f

new nutrients to the Bay and because estuarine

circulation tends to retain and transport particle- bound nutrients

upstream in bottom water, the effects o
f

nutrient depletion o
n

phytoplankton productivity are likely to b
e most pronounced in

higher salinity water downstream o
f

the mesohaline reach o
f

the

Bay.

This chapter focuses o
n the response o
f

phytoplankton to

nutrient enrichment and o
n the mechanisms b
y which plankton

populations influence the relationship between nutrient enrichment

and oxygen depletion in the mesohaline Chesapeake, between the

Bay Bridge and the Patuxent River, where the problem is most

severe. I ( 1
)

describe how distributions o
f

phytoplankton biomass,

a
s indicated b
y the concentration o
f

chlorophyll a
,

and productivity

change in time and space, ( 2
)

relate these changes to external forcings

(nutrient input, incident solar radiation, wind, mixing) and internal

patterns o
f

zooplankton grazing and nutrient cycling, and ( 3
)dis­cusshow nutrient- phytoplankton- woplankton interactions arere­lated

to seasonal oxygen depletion o
f

bottom water.
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Biomass

Distribution o
f

Phytoplankton

in the Chesapeake Bay

The concentration o
f

chlorophyll a (Chi) is used here a
s

a
n

index o
f

phytoplankton biomass. Given the goal o
f

relating nutrient

input to variations in phytoplankton biomass, the chlorophyll a

content o
f

the water column (mg m·

2
) and o

f

the mesohaline reach

will b
e emphasized.

Mean monthly chlorophyll content o
f

the mesohaline reach o
f

Chesapeake Bay exhibits a
n annual cycle characterized b
y a spring

maximum in April to May (Figure

1
)
.

Water column chlorophyll a

levels during this period often exceed 1000 mg m·
2 over the main

channel with maximum monthly means varying between 200 and

400 mg m·
2

depending o
n the year. These

a
re exceptionally high

chlorophyll a levels and approach the maximum amount o
fchloro­phylla that can b

e sustained b
y

local photosynthetic growth in situ

(

s
e
e

Takahashi and Parsons 1972; Wofsy 1983). Thus, chlorophyll

a levels in excess o
f

about 300 to 400 mg m·
2

reflect increases in
biomass due to factors other than local growth, for example,accu­mulation

o
f

organic matter below the euphotic zone due tosedi­mentation

o
f

phytoplankton from surface layers o
r

circulationpat­terns
that accumulate o

r

impon biomass produced downstream o
f

the Bay's mesohaline reach.

The spring chlorophyll a maximum in the mesohaline region

occurs a
s a consequence o
f

the accumulation o
f

high chlorophyll a

levels throughout the water column (Figures 2 and 3
)

with peak

concentration in the lower halocline and in high salinity bottom

water. The association o
f

high chlorophyll a with subsurface layers

suggests that phytoplankton biomass has been advected into the

mesohaline Bay from the lower Bay with high salinity bottom water,

a phenomenon that has been described

fo
r

certain species o
f

diatoms

and dinoflagellates ( e
.

g
., Tyler and Seliger 1978; Seliger e
t

a
l. 1981;

Malone e
t

a
l. 1988).

The spring bloom is terminated in late May to early June

when bottom water chlorophyll a declines rapidly over a 1 to 2 week
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period. After this, high chlorophyll a concentrations are restricted to

the surface layer throughout most o
f

the summer (Figures 2
,

4).

This seasonal shift in the vertical distribution o
f

biomass coincides

with a change in the lateral distribution o
f

chlorophyll a
.

Prior to the

collapse o
f

the spring bloom, lateral distributions o
f

chlorophyll a

show high concentrations throughout the water column along the

Chop- Pax transect (Figure 5a, b
)

(see Introduction), with euphotic

zone chlorophyll a being highest a
t

the channel station (Table

1
)
.

After this period, chlorophyll a content o
f

the euphotic zone isgen­erally
higher along the western than the eastern shore, in association

with low salinity water ( Figure 6). Table 1 indicates that seasonally

averaged chlorophyll a a
t

the westernmost station is more than

double that o
f

the easternmost station, but variability is high (Malone

e
t

a
l. 1986), largely a
s a consequence o
f

transient blooms.

Table 1
. Mean euphotic zone chlorophyll a content (Chi, mg m·

2
) and

chlorophyll specific productivity (PP/ Chl, mgC mgChl-Id- 1
)

a
t

three stations

o
f

the Chop- Pax transect: westernmost, channel, easternmost (coefficient

o
f

variation). Based o
n data from 1984-1988.

Season Variable West Channel East

Dec, Jan, Feb Chi 80( 48%) 8
3 ( 19%) 6
4 ( 33%)

PP/Chl 1
1

( 9
1

o
/

o
)

5 ( 56%) 5 ( 57%)

Mar, Apr, May Chi 62( 47%) 137( 57%) 9
1 ( 7
1

o
/

o
)

PP/Chl 2
5

( 67%) 1
6

( 79%) 2
3

(114%)

Jun, Jul, Aug Chi 102(105%) 83( 64%) 43 ( 70%)

PP/Chl 40( 69%) 38( 86%) 5
2 ( 80%)

Sep, Oct, Nov Chi 3
3

( 55%) 44( 45%) 33 ( 64%)

PP/Chl 29( 42%) 30( 46%) 3
8 ( 32%)

The transition from spring to summer chlorophyll adistribu­tions
coincides with a rapid change in dominant floristic groups
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from chain-forming diatoms and large dinoflagellates to assemblages

o
f

small, solitary diatoms and cyanobacteria, chrysophytes,crypto­phytesand chlorophytes a
s

well a
s

smaller dinoflagellates (see Van

Valkenburg e
t

a
l. 1978; Malone e
t

a
l. 1986; Sellner 1987). Such

shifts in floristic composition and patterns in the vertical andhori­zontal
distributions o

f
chlorophyll a suggest that phytoplankton

distributions are dominated b
y diatom sedimentation, dinoflagellate

motility and circulation patterns during winter- spring and b
y

surface

layer growth and grazing during summer.

Phytoplankton Productivity

The annual cycle o
f

primary productivity (PP) is characterized

b
y a winter minimum and a summer maximum ( e
.

g
.
,

Flemer 1970;

Boynton e
t

a
l. 1982; Sellner 1987). During 1984 to 1988, primary

productivity in the Bay's mesohaline region usually reached

it
s annual

maximum in July o
r

August (Figure 7a). A
s reported b
y Boynton e
t

a
l. (1982), the magnitude o
f

this primary productivity peak varies

from year to year. During 1984 to 1988, mean summer primary

productivity ranged from 1260 to 2560 mgC m-

2
d
-

1
(Table 2

) On
average, 45% o

f

annual phytoplankton production occurred from

June to August. Kemp and Boynton ( 1984) report that 70 to 80o/ o

o
f

annual phytoplankton production occurred during June to

September.

Table 2
.

Mean euphotic zone chlorophyll a (Chi, mg m
-

2
) andphytoplank­ton

productivity (PP,- mgC m-2d-
1
) during March- May and June- August

for the Chop- Pax transect (coefficient o
f

variation).

Season Variable 1984 1985 1986 1987 1988

Mar-May Chi 121 (57%) 98( 52%) 82( 57%) 86( 88%)

pp 680( 56%) 720(48%) 1665 (58%) 1225( 69%)

Jun-Aug Chi 89(99%) 52( 33%) 71( 73%) 87( 68%) 77( 57%)

pp 1260( 80%} 2560( 47%) 1710(41%) 2520( 45%) 2030( 60%)
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The development o
f

the summer primary productivitymaxi­mum
in the mesohaline region reflects a rapid increase in chlorophyll

a (Chl)-specific primary productivity ( PP/ Chl, mgC mgChl-

1
d
- 1

)

following the collapse o
f

the spring bloom (Figure 7b). PP/ Chl

ratios increase gradually from February to May and more rapidly

from May to the summer maximum. Thus, although primarypro­ductivityand chlorophyll a are typically correlated over thesalt­intrudedreach o
f

the Bay a
t

any given time o
f

year ( e
.

g
.
,

Harding e
t

a
l. 1986), seasonal variations in primary productivity andchloro­phyll

a (integrated over the water column and over the mesohaline)

are out o
f

phase, with chlorophyll a peaking during spring and

primary productivity during summer. High PP/ Chl and lowchlo­rophylla relative to spring (Table I) are indicative o
f

theimpor­tance

o
f

grazing in controlling phytoplankton biomass during

summer.

Primary productivity and PP/ Chl exhibit substantial lateral

variability, especially during summer (Figure 7). A detailed study o
f

lateral variability during the summer o
f

1984 (Malone e
t

a
l. 1986)

showed that primary productivity and chlorophyll a weresignifi­cantly
correlated (P < .01) o

n the eastern and western flanks o
f

the

Bay. PP/ Chl was significantly higher o
n the eastern than o
n the

western flank b
y a factor o
f

3 ( 6
3 compared to 2
0 mgC mgChi-

1
d
-

1

)
.

A similar east-west gradient is expressed in the five- year summer

mean PP/ Chl (Table

1
)
.

Such opposing trends in PP/ Chl and

chlorophyll a may result from differences in grazing pressure along

the eastern shore relative to the western shore (Malone e
t

a
l. 1986),

a
s

well a
s

differences in physical characteristics o
f

water masses,

species composition ( K
.

Sellner, personal communication) andself­shading
(Malone e

t

a
l. 1986).

Picophytoplankton

Picophytoplankton (phytoplankton passed b
y a I ~ mNude­pore

filter) often exhibit higher growth rates than largerphytoplank­tonand are too small to b
e effectively grazed b
y most metazoan

consumers such a
s copepods. Ciliates and heterotrophic flagellates

are generally thought to b
e the main grazers o
f

these small phyto-



Figure 7
.

Variations in ( a
)

phytoplankton productivity (mgC m
-

2d-
1
) and

( b
)

chlorophyll a specific productivity (mgC mgChl- Id-
1
); data from theChop­Pax

transect 1984 through 1988_
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plankton (see Verity 1987; Lessard e
t

a
l. 1988; Sellner 1987).

Picophytoplankton production increased from less than

2
o

/

o o
f

total phytoplankton production between February and May, to peaks

in excess o
f

20o/ o following the collapse o
f

the spring bloom (Figure

Sa). McCarthy e
t

a
l.

( 1974) observed a similar annual cycle for

nanophytoplankton (less than 2
0

J
.

Lm) which accounted

fo
r

over

80o/ o o
f

primary production and chlorophyll a during summer. The

rapid increase in the proportion o
f

phytoplankton productivityac­counted
for b

y picophytoplankton was associated with a marked

increase in PP/ Chl o
f

picophytoplankton (Figure 8b). Thus, the

transition from a phytoplankton assemblage characterized by high

biomass and slow turnover during spring to a
n assemblagecharac­terized

b
y

generally low biomass and more rapid and variableturn­over
during summer coincides with a shift in size structure with

small forms becoming increasingly important.

These results provide some indication that smallphytoplank­tontend to have higher temperature optima than largerphyto­planktonand that large diatoms may b
e favored b
y

the combined

effects o
f

low temperature and high nutrient concentrations (see

Goldman and Ryther 1976; Malone and Neale 1981). Alternatively,

selective grazing b
y

increased zooplankton populations o
n larger

phytoplankton may effectively channel a greater proportion o
f

the

nutrient supply to the picophytoplankton during summer (see Steele

and Frost 1977).

Environmental Regulation o
f

Phytoplankton

Nutrient Inputs and Dynamics

Nutrient input to the mesohaline reach o
f

the Bay is primarily

driven b
y

the flow o
f

the Susquehanna River which typically peaks

during spring (Figure

9
)
.

Given the temporal resolution o
f

the

available data, surface distributions o
f

salinity relative to gauged

flow a
t

the Conowingo Dam ( 7
0 km upstream) indicate that the

mesohaline reach responds to variations in freshwater flow with a

la
g

o
f

about 1 month ( Malone e
t

a
l. 1988; Boicourt, this volume).

Variations in the sources and sinks o
f

inorganic nutrients

r
e
-
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quired
fo

r
phytoplankton growth are reflected in temporal andspa­tial

variations in their concentration in the Bay. Using salinity a
s

a

conservative tracer o
f

mixing between freshwater and seawaterin­puts
to the Bay, relationships between nutrient concentration and

salinity reveal important differences in the patterns o
f

nitrate,am­moniumand phosphate input to the euphotic zone.

During spring, nitrate concentration decreases rapidly with

increasing salinity over a salinity range o
f

about 5 to 2
0 ppt (Figure

1Oa). In contrast, ammonium tends to increase with increasing

salinity and phosphate shows n
o trend (Figures lOb and IOc).Dur­ingsummer, nitrate concentration is generally low (less than 1 Jlg- a

t

L
- 1

) and shows little trend with salinity while both ammonium and

phosphate increase with salinity to their highest annualconcentra­tions
(Figures lla, band

c
)
.

These distributions suggest a seasonal

shift in the relative importance o
f

the watershed and high salinity

bottom water a
s

nutrient sources to the euphotic zone, with runoff
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from the watershed dominating during spring and bottom water

dominating during summer.

Seasonal variations in nutrient concentrations in surface and

bottom water are consistent with this interpretation and indicate

that high concentrations o
f

phosphate and ammonium in bottom

water are due to benthic flux (Figure 12). The annual cycle o
f

nitrate in the surface layer is clearly driven b
y freshwater flow from

the Susquehanna River (Figure 12a). Annual cycles o
f

phosphate

and ammonium in surface water exhibit more variability but d
o

tend to b
e higher during summer than spring (Figures 10, 11, 12b

and 12c). Ammonium and phosphate in bottom water exhibit

pronounced annual cycles characterized b
y summer maxima, with

ammonium increasing earlier in the year than phosphate (Figures

12b and

c
)
.

Thus, nitrate input peaks during the spring a
s aconse­quence

o
f

runoff from the Susquehanna watershed whileammo­niumand phosphate inputs peak during the summer a
s aconse­quence

o
f

flux from the benthos, a conclusion that is consistent

with results summarized b
y Kemp and Boynton ( this volume).

It is important to realize that most o
f

the nitrogen released a
s

ammonium is probably derived from the original riverine input o
f

nitrate, while much o
f

the phosphorus released a
s phosphate isprob­ably

derived from the riverine input o
f

particulate phosphorus (Kemp

and Boynton 1984; Fisher e
t

a
l. 1988; Malone e
t

a
l. 1988).Appar­ently,

most o
f

the riverine input o
f

nitrogen is assimilated b
yphyto­planktonand transported to the benthos while much o

f

the riverine

input o
f

phosphorus sinks to the benthos directly, without being

incorporated into the biota.

A
s

previously discussed, nitrogen input to the euphotic zone

during summer is dominated b
y

the benthic flux o
f

ammonium.

Regeneration, the major source o
f

ammonium in the Bay, supports

o
n the order o
f

8
0

to 90o/ o o
f

the annual phytoplankton production.

For nutrient regeneration to have such a
n effect, the production and

decomposition o
f

organic matter must b
e separated in time and

space. In Chesapeake Bay, this separation appears to occur o
n both

seasonal and interannual time scales.
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A seasonal lag is suggested b
y the observation that, although

5
0

to 60% o
f

the annual input o
f

riverine nitrogen occurs during

March to May, nearly 50% o
f

annual production occurs during

June to August. That

is
,

the occurrence o
f

maximum primary

productivity during summer appears to depend o
n the seasonalcou­pling

o
f

riverine nitrate input during spring and summerammo­nium
regeneration. Apparently, this coupling occurs a

s a result o
f

the accumulation o
f

phytoplankton biomass during spring and the

subsequent decomposition o
f

this biomass in bottom water and the

benthos (Kemp and Boynton 1984; Malone e
t

a
l. 1988; Kemp and

Boynton, this volume).

Conceptual models o
f

seasonal and spatial lags between nutrient

input and phytoplankton productivity have been proposed b
y Kemp

and Boynton (1984) and Fisher e
t

a
l.

( 1988). Spatially, nutrient

uptake and phytoplankton productivity increase to maxima in the

surface layer downstream o
f

the turbidity maximum because o
fin­creased

light availability. A
s seaward transpon continues, much o
f

the organic matter produced sinks o
r

is transponed into bottom

water where upstream transpon and deposition occur. Seasonally,

nutrients incorporated into organic matter o
r

adsorbed onto panicles

during winter-spring are retained in the estuary b
y a similar

mechanism. A
s temperature increases, decomposition andregen­eration

result in the release o
f

nutrients (ammonium, phosphate,

silicate) from the sediments to overlying waters. The venical transport

o
f

these nutrients then suppons the development o
f

a summerpro­ductivitymaximum. Thus, although inputs o
f

freshwater andnu­trients
typically peak during late winter- spring, phytoplanktonpro­ductivity

reaches

it
s annual maximum during summer (Nixon

1981; Boynton e
t

a
l. 1982).

Nutrient Limitation ofPhytoplankton Production

A
s

a consequence o
f

differences in the biological, chemical

and physical behavior o
f

nitrogen, phosphorus and silicon, their

relative imponance in limiting the production o
f

organic matter b
y
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phytoplankton can b
e difficult to evaluate.

1
Nutrient concentration

p
e
r

s
e

is a poor criterion o
f

nutrient limitation becausephytoplank­ton
are able to attain a wide range o

f

growth rates from near zero to

rates approaching their growth maximum a
t

nutrient concentrations

that are close to the detection limits o
f

the methods commonly used

to measure nutrient concentrations. Nutrient flux is the controlling

factor over the range o
f

concentrations observed throughout most o
f

the Bay.

Because nutrient- sufficient phytoplankton produce biomass

with a nearly constant P
:

N
: C ratio o
f

1
:

16:106 ( the Redfield ratio2 )
,

variations in the stoichiometry o
f

dissolved inorganic nutrients can

provide clues a
s

to which nutrient is most likely to limit production.

In the Bay, nutrient ratios vary seasonally (D'Elia e
t

a
l. 1983, 1986)

and along the salinity gradient o
f

the Bay ( Fisher e
t

a
l. 1988). N
:

P

and Si:P ratios in freshwater entering the upper Bay (Table 3
)

are

much higher than the Redfield ratio (N :P and Si:P o
f

about 16:

1
)
.

The annual cycle o
f

N:P in the dissolved inorganic pool o
f

the

mesohaline Bay is characteristically higher than the Redfield ratio

during the spring bloom period and lower than the Redfield ratio

during the summer when productivity is highest (Figure 13). This

reflects the annual cycles o
f

nitrate input (Figure 12) andphyto­planktondemand (Figure 7
)

and suggests that phosphorus is most

likely to b
e depleted before nitrogen during spring but that nitrogen

is most likely to b
e depleted first during summer. The results o
f

nutrient enrichment experiments are consistent with this interpreta-

1
The term " limiting" is used here in reference to Liebig's " Law o

f

the Minimum"

which states that the essential material ( in this case the nutritional element) in

the amount most closely approaching the critical minimum needed by the

phytoplankton will tend to b
e the limiting one.

2The "Redfield ratio" refers to the observation b
y Alfred C
.

Redfield (1958) that

atoms o
f

phosphorus, nitrogen and carbon are, o
n the average, present in plankton

in the ratio 1
:

16: 106. His conclusion was based o
n

the analysis o
f

many samples

o
f

plankton taken from a variety o
f

locations. The implicit assumption is that

plankton, in this case phytoplankton, require phosphorus, ntirogen and carbon

in this ratio for " normal" growth.
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3

tion, leading to the hypothesis that phytoplankton arephosphorus­limitedduring spring and nitrogen- limited during summer (D'Elia

e
t

a
l. 1986; Fisher e
t

a
l. 1988).

However, changes in nutrient ratios a
s

water moves seaward

through the estuary suggest that this hypothesis may not apply to

the Bay a
s a whole. Dissolved inorganic pools o
f

nitrogen andsili­con
are depleted relative to phosphorus with increasing salinity.

Consequently, N
:

P and

S
i: P in water discharged from the Bay are

less than biomass ratios typical o
f

nutrient- sufficient phytoplankton

(Table 3). Apparently, nitrogen and silicon are selectively lostdur­ing
their transit through the estuary, presumably throughdenitrifi­cation

(nitrogen), incorporation into refractory dissolved organic

matter (nitrogen), and sedimentation (nitrogen and silicon). The

comparatively conservative behavior o
f

phosphorus has beenattrib­uted

b
y

Liss (1976) to rapid recycling and the " buffering" effect o
f

adsorption-desorption reactions which panition phosphate between

dissolved and paniculate phases. These observations suggest that, o
n

the temporal (seasonal to annual) and spatial (salt-intruded reach)

7,-------------------~
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5

iL 4

z

3 3

2

0

• Surface

Redfield

-1 ~~----L---~L----~---~~
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Figure 13. Natural log transformed N: P ratio o
f

the dissolved inorganicnutri­ent
pool in the surface layer a

t

the channel station ofthe Chop- Pax transect;

note the rapid decline in summer.



Table 3
.

Chemical composition o
f

freshwater inflow o
f

the Susquehanna

River and o
f

estuarine water outflow from the Bay and in the coastal

plume o
f

the Bay ( concentrations in j.Lg- a
t L· 1
)
.

Dissolved Inorganic Organic

Source Date TN %N0
3

TP %P0
4

P0
4

NIP SiiP NIP

Inflow" Mar 8
2 166 7
0 1.6 5
0 0.8 163 105 4
4

Mar 8
3 126 7
6

1.6 1
8

0.3 337 327 1
8

Jun 8
2 127 9
2 1.7 5
0 0.9 133 101 8

Oct 8
2

105 6
6

0.8 9 0.1 730 160 4
6

Oct 8
3 119 3
0 1.1 9 0.1 410 320 7
8

mean 129 6
7 1.4

2
7 0.4 355 203 3
9

Outflow" Mar 8
2

1
3 1.5 4
0 0.6 1.7 1.7 1
3

Mar 8
3

1
1 0.8 1
2 0.1 0.1 20.0 1
4

Jun 8
2

2
0 0 1.1 0 0.0 1.0 70.0 1
8

Oct 8
2

2
5

1
0

1.3 6
2

0.8 10.0 21.2 3
4

Oct 8
3

2
3 2 2.3 4
3 1.0 6.0 10.0 1
3

mean 1
8 3 1.4

3
1 0.5 3.8 24.6

1
9

Plumeb Feb 8
5 0.3 0.8 0.5

Apr86 0.3 5.9 3.3

Jun 8
5 0.6 0.3 3.0

Aug 8
5

0.8 2.7 3.5

• Fisher e
t

a
l.

(1988)

b Surface concentrations f
o
r

surface salinity less than 3
0

ppt averaged over a 2
-

3 week period (Garside, personal communication).

8
4
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scales o
f

the Bay, phytoplankton production is nitrogen limited, a

conclusion which is consistent with the observation that annual

phytoplankton production is better correlated with annual nitrogen

loading than with phosphorus loading (Boynton e
t

a
l. 1982).

To compound the debate over nutrient limitation inChesa­peake
Bay, there is a distinct possibility that the magnitude o

f

the

spring biomass maximum and/ o
r

it
s rapid demise (Malone e
t

a
l.

1988) may b
e regulated b
y

the supply o
f

silicate ( D'Elia e
t

a
l. 1983;

Conley and Malone, in press). Results from the Chesapeake Bay

monitoring program show that silicon is depleted relative tonitro­gen
and phosphorus during the development and collapse o

f

the

spring bloom (Conley and Malone, in press). The possibility o
f

silicon limitation is o
f

interest in the Bay because the spring bloom

is dominated b
y diatoms, the sinking rates o
f

which are panicularly

sensitive to silicon depletion (Bienfang e
t

a
l. 1984). Thus, the flux

o
f

phytoplankton biomass to the benthos may b
e controlled b
y

silicate input to the Bay.

Nutrient RegulAtion o
f

PhytoplAnkton Biomass

The annual cycles o
f

river flow (Figure 9
)

and chlorophyll a

(Figure I) are remarkably similar. Water column chlorophyll abe­gins

to increase in late winter a
s flow increases and peaks in April to

May, about one month after peak discharge o
f

the Susquehanna

River. Given a one- month lag in river flow, monthly meanchloro­phylla content (g m·
2

) o
f

the mesohaline reach o
f

the Bay issignifi­cantly
correlated (P < 0.01) with monthly Susquehanna River flow,

Q
f

( km3 d
-

1
)

(Figure 14) b
y the least squares regression:

(Feb-Oct) chlorophyll a= 0.03 + 1.43 (Qr) ( r
2 = 0.71, n = 34)

A
s

the flow o
f

the Susquehanna River accounts

f
o
r

most new

nutrient inputs, this regression suggests that seasonal variations in

phytoplankton biomass are related to the input o
f

new nutrients,

i. e
.
,

new nutrient input is compensated for b
y increases in biomass

rather than b
y

increases in growth rate. These increases in biomass

lead to subsequent increases in oxygen demand.
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A
s

discussed above, biomass is more likely to b
e limited b
y

nitrogen supply than b
y phosphorus supply, a
t

least over the Bay a
s

a whole. For a first- order comparison o
f

nitrate input ( Q
-

N) and

total phytoplankton biomass in the mesohaline area, biomass a
s

nitrogen (Ph- N
)

was calculated from the product o
f

mean monthly

chlorophyll a
,

N
/ Chl (assumed to b
e

1
0

b
y weight), and a surface

area o
f

1.1 x 109 m2 a
s described b
y Malone e
t

a
l. (1988). Nitrate

input from the Susquehanna was assumed to b
e

the sole source o
f

external nitrogen and was estimated a
s

the product o
f

river flow and

nitrate concentration o
f

the freshwater end member. The latter was

estimated to b
e 100 jlg- a
t

L
- 1

for flows greater than 108 m3 d
- 1 and

5
0 jlg- a
t

L
- 1

for lower flows (Smullen e
t

a
l. 1982). Phytoplankton

biomass a
s nitrogen (Ph- N) for 1984 to 1988 was significantly (P <

0.001) correlated with nitrate supply b
y the least squares regression:

Ph-N = 6.5 + 9.9 ( Q
-

N
)

( r = 0.74, n =34)

A
s

indicated b
y

the slope o
f

the regression, a unit increase in nitrate

input roughly results in a 1 0
-

fold increase in phytoplankton biomass

per day o
n average. A possible explanation

fo
r

this relation is that

nutrient recycling within the mesohaline and transport o
f

biomass

in bottom water from the lower Bay into the mesohaline generate

the spring biomass maximum. This interpretation is consistent

with the observations o
f

Tyler and Seliger ( 1978) showing advective

transport from the lower Bay and with results summarized b
y Kemp

and Boynton (this volume) showing high sedimentation rates o
f

chlorophyll a during the spring bloom. A
s

discussed in the next

section, much o
f

the spring nitrogen input appears to b
e recycled

during subsequent months, giving rise to a summer productivity

maxtmum.

Regulation ofPhytoplankton Productivity

Phytoplankton productivity is influenced b
y a number o
ffac­tors,including the concentration o

f

chlorophyll a
,

light,tempera­tureand nutrient supply. The similarity o
f

annual cycles o
f

primary

productivity and incident radiation ( I
) suggests that seasonal varia-
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tions in primary productivity are driven b
y

incident radiation. Cole

and Cloern (1984) have shown that seasonal variations in primary

productivity ( mgC m
-

2
d
-

1
)

in nutrient- rich temperate estuaries are

significantly correlated (P < 0.001) with the product oflo (E m
-

2
d
- 1

)

and euphotic zone chlorophyll a (mg m
-

2

)
. The data used b
y Cole

and Cloern for this analysis were collected from Puget Sound, the

coastal plume o
f

the Hudson River and San Francisco Bay. A

similar calculation presented b
y Harding e
t

a
l. ( 1986) shows that

primary productivity in Chesapeake Bay is significantly correlated

(P < 0.00 1
)

with this composite parameter b
y

the regression:

PP =254 + 0
_

5
2

( I x Chi) ( r
2 = 0.71, n = 19)

0

This regression is based o
n the results o
f

experiments run during

March, July and October a
t

5 stations from freshwater to the sea

and suggests that most o
f

the variability in primary productivity

along the salinity gradient o
f

the Bay is caused b
y variations in

incident radiation and phytoplankton biomass.

A similar relationship describes seasonal and interannualvaria­tions

in primary productivity a
t

stations o
f

the Chop-Pax transect

(Figure 15). Based o
n pooled 1986 to 1988 data (the only years for

which concurrent light data are available), primary productivity is

significantly correlated (P < 0.001) with this composite parameter

b
y the least squares regression:

P
P = 630 + 0.31 (I x Chi) ( r
2 = 0.34, n = 87)

0

PP/ Chl is also significantly correlated with incident radiation by the

least squares regression:

PP/Chl = 7.7 + 0.46 (I )
0

(r
2 = 0.17, n = 87)

This formulation was used b
y Platt (1986) to show that PP/ Chl is a

linear function o
f

incident radiation. Theory and empiricalobser­vations

le
d

Platt to conclude that a slope o
f

0.5 is characteristic o
f

a

variety o
f

coastal and oceanic habitats. These results reflect the
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strong influence o
f

incident radiation and phytoplankton biomass

on temporal and spatial variations in phytoplankton productivity.

However, the low r
2 and the large scatter in the relationship

between primary productivity and the product o
f

incident radiation

and chlorophyll a ( Io x Chi) (Figure 15) indicate that much o
f

the

variability in primary productivity is a consequence o
f

other factors,

especially during summer when incident radiation is high andpro­ductivity

is most likely to b
e limited b
y water column lightattenua­tionand/ o

r

nutrient flux and grazing. Given exponential constants

for phytoplankton growth o
f

0.1 to 1.1 d
- 1

(Table 4
)

and forde­composition

o
f

0.001 to 0.1 d ·
1

(Harrison 1980; Nixon and Pilson

1983), such a seasonal lag between production and decomposition

is not unreasonable.

Table 4
.

Mean chlorophyll specific phytoplankton productivity ( PP/ Chl,

mgC mgChl-

1
d
- 1

), carbon specific growth rate ( J
.

L
,

d
- 1

) and vertical density

stratification (~ sigma) with corresponding estimates o
f

the dilution rate

o
f

the surface layer ( 0
, d· 1
)

for the mesohaline reach o
f

the Bay, slopes o
f

regression o
f

o
/ o 0

2
saturation o

n temperature during spring ( o
/ o 0

2
)
, and

time-integrated thickness ofbottom water having less than 10% saturation

(meter x days) during summer; Q
f

= mean volume transport o
f

the

Susquehanna River, 108 m3 d
-

1
•

/
)
.

Season Year PP/ Chl J
la Qf Db

J
.

L
ID stgma, %0

2

Mar, Apr, May 1984 2.40

1985 8 0.16 1.15 O
.

Q
8

2.0 4.8 -4.7

1986 7 0.14 1.84 0.10 1.4 6.6 -4.9

1987 2
2

0.44 1.40 0.09 4.9 5.0 -

8
.4

1988 1
9 0.38 1.36 0.09 4.2 4.6 -4.4

Jun, J

u
l, Aug 1984 2
4 0.48 1.27 0.05 9.6 7.7 828

1985 5
7 1.14 0.44 o
:

o
3

38.0 5.7 407

1986 3
0 0.60 0.62 0.04 15.0 6.1 607

1987 4
2 0.84 0.51 0.04 21.0 3.9 258

1988 3
2 0.64 0.71 0.05 12.8 4.6 129

a J
.

1 = (PP/ Chl) (Chi/ C
)

where Chl/ C = 0.02 b
y weight

b D = Q.N where Q
.

= Q
f

(S/[ Sb- S
.

J
)
, V =volume o
f

surface layer (5.24x1 0
9

m
3

)
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Annual phytoplankton production varies from year to year

from about 250 to 600 g
C

m
- 2

, largely a
s a consequence o
f

interannual

variations in the magnitude o
f

the summer productivity maximum

(Boynton e
t

a
l. 1982; Malone e
t

a
l. 1988). It is difficult to relate

such large interannual variations in summer phytoplanktonproduc­tivity

to differences in incident radiation, which exhibit littlevari­abilitybetween years. Mean summer phytoplankton productivity

decreases a
s the mean density gradient across the pycnoclinein­creases

(Figure 16). This suggests that year to year variations in

summer primary productivity may b
e related to the venical flux o
f

nutrients (especially ammonium) from subpycnoclinal waters into

the euphotic zone (Malone e
t

a
l. 1986, 1988). Spring-neap stratifi­cation-

destratification in the York River has been related to pulses

o
f

enhanced productivity following the mixing o
f

nutrient- richbot­tomwaters into the euphotic zone (Haas 1977). Since summer

primary productivity, which runs o
n recycled nutrients, accounts
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Figure 16. Relationship between mean summer (July-August) phytoplankton

productivity and vertical density stratification a
t

the channel station o
f

the

Chop-Pax transect.
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for a larger fraction o
f

annual primary productivity than any other

season, this may explain the correlation between annual primary

productivity and nitrogen-loading reponed b
y Boynton e
t

a
l. ( 1982).

Although seasonal variations in phytoplankton productivity

d
o not appear to b
e directly coupled to river flow during any given

year, indirect evidence indicates that year to year variations inpro­ductivitymay also reflect longer term effects o
f

river flow that are

related to the retention and recycling o
f

nutrients within the Bay.

Phytoplankton productivity was exceptionally high during the year

following high freshwater runoff caused b
y Tropical Storm Agnes in

1972 (Boynton e
t

a
l. 1982). Using river flow a
s a proxy

fo
rnutri­ent

delivery to the Bay, this suggests that nutrient input in 1972 was

retained and recycled in 1973. Likewise, annual production for any

given year during 1969 to 1988 is correlated with the two- year

mean river flow for the respective and preceding years (W. Boynton

personal communication). Thus, it appears that nutrient retention

and recycling mechanisms operate o
n seasonal and interannual time

scales and that phytoplankton productivity is enhanced a
s a consequence.

It should b
e emphasized that dissolved inorganic nitrogen (ni­trate+ nitrite + ammonium) in the surface layer is rarely depleted in

the mesohaline reach o
f

the Bay. Mean concentrations for the

summer months range from 2 to 1
2

J
.

Lg- a
t

L
- 1

with concentrations

typically decreasing to about 2 J
.

Lg- a
t

L
- 1

a
t

a mean salinity o
f

nearly

2
0 ppt (Fisher e
t

a
l. 1988). Light levels are also more thansuffi­cient

to suppon phytoplankton growth in the surface layer (Harding

e
t

a
l. 1986). Under such conditions o
f

light and apparent nutrient

saturation, primaryproductivity should increase with a
n increase in

venical stratification rather than decrease a
s observed in 1984 to

1988. Thus, although interannual variability in phytoplanktonpro­duction

is most likely related to nitrogen loading, the mechanisms

by which nutrient inputs influence phytoplankton productivityre­main

a
n elusive problem.

Zooplankton Grazing

The grazing o
f

zooplankton o
n paniculate organic matter,

including phytoplankton, is o
f

central imponance to understanding
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the relationship between eutrophication and fisheries. Zooplankton

( 1
)

control phytoplankton productivity b
y grazing and thusremov­ingphytoplankton biomass, ( 2

)

enhance phytoplanktonproductiv­ity

b
y

recycling nutrients required for phytoplankton growth, ( 3
)

influence the venical flux o
f

paniculate organic matter b
y

limiting

the accumulation o
f

paniculate organic matter in the surface layer

and b
y producing fecal pellets, and ( 4
)

form a
n imponant trophic

link between phytoplankton and fishes. The grazing activity o
f

zooplankton also influences energy flow and nutrient cycling through

microbial food webs, both b
y

limiting the direct flow o
f

organic

matter from phytoplankton to bacteria and b
y releasing dissolved

organic matter via sloppy feeding and excretion (see Tuttle e
t

a
l.

1987; Verity 1987; Roman e
t

a
l. 1988; Jonas, this volume). Thus,

the potential influence o
f

woplankton - from copepods to sea

nettles to the larvae o
f

benthic invenebrates - o
n both waterqual­ityand fisheries is substantial.

The phasing o
f

the annual cycles o
f

phytoplankton biomass

and productivity indicates a seasonal progression from highproduc­tivity
relative to grazing losses during spring to a comparatively well

balanced coupling between productivity and grazing during summer.

This trend is illustrated b
y

the relationship between chlorophyll a

content o
f

the water column and the ratio o
f

phytoplankton growth

and dilution rate o
f

the euphotic zone. Assuming conservation o
f

salt o
n a monthly time scale and that the ratio o
f

primary productivity

to chlorophyll a (PP/ Chl) is a reasonable index o
f

phytoplankton

growth rate (see Malone e
t

a
l. 1988), phytoplankton growth rate

exceeds the dilution rate o
f

the surface layer, panicularly during

summer (Table 4). Thus, growth within the region has thepoten­tial

o
f

generating large and rapid increases in biomass.

If chlorophyll a were a simple function o
f

the balance between

growth (~) and dilution (D), chlorophyll a would increase a
s ~/ D

increases above unity, a
s observed in the Hudson Estuary (Malone

1982). However, chlorophyll a is inversely related to ~/ D b
y

the

least squares regression:

Chl = 298 - 5
2 ( J
.

L
/

D
)

( r = 0.58, n = 9
)
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Such a rapid decline in chlorophyll a a
s

J
.

L
/ D increases strongly

implicates grazing a
s the major process controlling phytoplankton

biomass during summer.

Despite the central role o
f

zooplankton, the ecological role

and trophic dynamics o
f

many groups

a
re not well understood.

This is panicularly true o
f

the protozoa (ciliates and heterotrophic

flagellates), the developmental stages o
f

copepods and otherinver­tebrates,and the gelatinous zooplankton. Results o
f

variouszoop­lankton
grazing studies are summarized in Table 5

.

Macrozooplank­ton,
dominated b

y copepods, apparently consume a small fraction

o
f

daily phytoplankton production during spring and u
p

to nearly

30% o
f

phytoplankton production during summer. Themicrozoo­plankton,composed predominantly o
f

heterotrophic flagellates,cili­atesand invenebrate larval stages, also tend to consume a
nincreas­ingly

large fraction o
f

phytoplankton production a
s temperature

increases and appear to consume a larger fraction o
f

phytoplankton

production than the macrozooplankton during

a
ll seasons.

Table 5
.

Percent o
f

phytoplankton production grazed b
y zooplankton size

classes (from Heinle 1974; Sellner 1987; White and Roman 1988; Lessard

e
t

a
l.

1988).

Size Class

>200 mm
<200 mm

Total

March

2%
21-42%

23-44%

May

3
- 4%

13-55%

16-59%

August

10- 28%

21-153%

31-161%

These trends have imponant implications with respect to the

vertical flux o
f

phytoplankton biomass. The seasonal increase in

microzooplankton grazing parallels a
n increase in the imponance

and production o
f

pico- and nano- phytoplankton. Since themac­rozooplankton
preferentially graze the larger phytoplankton, low

grazing rates b
y this group during spring imply that most o
f

the
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diatom (and perhaps the dinoflagellate) production is not consumed

b
y higher trophic levels and is lost to the benthos.

Pigment ratios provide the most comprehensive data set o
n

zooplankton grazing in terms o
f

temporal and spatial resolution.

Phaeophytin a and phaeophorbide a are degradation products o
f

chlorophyll a excreted b
y zooplankton which have been grazing o
n

phytoplankton. Consequently, the ratio o
f

phaeopigments tochlo­rophyll
(Phaeo/ Chl) is often used a

s

a
n index o
f

grazing pressure.

However, this ratio is difficult to quantitatively relate to grazing

rates because o
f

differences in temperature- and light- dependent

half- lives o
f

the degradation products. With these qualifications,

the annual cycle o
f

Phaeo/ Chl appears to exhibit two peaks, the first

in late May and the second in mid August (Figure 17). The August
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Figure

1
7
.

The ratio phaeophorbide a + phaeophytin a
/

chlorophyll a versus

time o
f

year along

th
e

Chop- Pax transect; pooled data 1987- 1988.
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peak is consistent with measured rates o
f

zooplankton grazing ( fable

5
)
.

The May peak coincides with the collapse o
f

the spring bloom,

and measured rates o
f

zooplankton grazing are low a
t

this time.

Thus, either the relatively few measurements o
f

grazing rate from

May

a
re not representative o
r

the high Phaeo/ Chl peak is notre­lated

to grazing a
t

this time but to some other process. Since

phaeophytin is a natural degradation product o
f

chlorophyll, the

natural senescence and breakdown o
f

the spring phytoplanktonmaxi­mum,without involving zooplankton grazing, could cause the May

phaeophytin peak.

Gelatinous zooplankton can b
e voracious predators. The

ctenophore Mnemiopsis and the sea nettle Chrysaora are particularly

imponant in Chesapeake Bay. Mnemiopsis selectively preys o
ncope­pods

while Chrysaora preys o
n

a variety o
f

organisms including

microzooplankton, copepods and ctenophores (see Feigenbaum and

Kelly 1984; Verity 1987). Although both groups are present during

the spring phytoplankton bloom, abundance maxima occur during

summer when ctenophores are abundant in the main channel but

are scarce o
n the flanks where sea nettles are extremely abundant

(Table

6
)
.

This observation implies high sea nettle production in
the subestuaries and their predation o

n ctenophores (Purcell e
t

a
l.

1988).

Such alternating patterns o
f

abundance are probablyassoci­ated
with major changes in the community structure o

f

plankton

communities. Feigenbaum and Kelly (1984) found that increases in

the abundance o
f

Mnemiopsis and Aurelia coincided with decreases

in copepod abundance and increases in phytoplankton biomass.In­creases

in Chrysaora were associated with decreases in Mnemiopsis

and Aurelia, increases in copepods, and decreases in phytoplankton

biomass. Thus, predation b
y higher order zooplankton consumers

can significantly influence phytoplankton biomass . b
y controlling

the abundance o
f

grazing populations o
f

copepods. However,re­cent
results indicate that predation b

y

gelatinous zooplankton is not

a major source o
f

monality for copepods in the Bay (Purcell e
t

a
l.

1988).
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Table 6
.

Biomass ( a
s determined b
y displacement volume, m
l

m· 3
)

o
f

gelatinous zooplankton along the Chop- Pax transect in 1987 (Purcell e
t

a
l.

1988).

May August

Station Ctenophores• Hydromedusae" Ctenophores• Sea Nettles<

1 0.6 1.1

2 1.3 1.8

3 1.1 1.5

4 1.0 1.1

5 0.7 3.4

• Dominated b
y Mnemiopsis leidyi

b Dominated b
y Nemopsis bachci

c Chrysaora quinquecirrha

1.5 10.1

10.1 1.7

21.0 1.2

1.2 21.5
2
.1 21.5

Phytoplankton Production and Oxygen Depletion

Subpycnodine waters o
f

the mesohaline reach o
f

the Bayun­dergo

a
n annual cycle o
f

dissolved oxygen characterized b
y a winter

maximum and a summer minimum (Taft e
t

a
l. 1980; Officer e
t

a
l.

1984). Annual oxygen cycles for 1985- 1988 conform to thisgen­eral
pattern (Figure 18). Oxygen declines during February-May from

a winter maximum to less than 2 mg L
- 1

b
y

late May. Bottom water

oxygen remains below 20% saturation throughout most o
f

June to

August (Figure 19).

The rapid decline in oxygen following peak freshwater flow

occurs a
s bottom water temperature increases from 1
0

to 16°C and

coincides with the development and collapse o
f

the springchloro­phylla maximum. This decline in bottom water oxygen (percent
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saturation) during spring (March to May) is significantly correlated

(P < 0.0 I) with temperature b
y

the least squares (model

II
) regressions:

(1985) % 0
2 = 92.8- 4.7 ( I)

(1986) % 0
2 = 98.0- 4.9 ( I)

(1987) %02 = 137.3- 8.4 ( I)

(1988) % 0
2 = 108.7- 4.4 ( I)

( r
l = 0.96, n =14)

( r
l = 0.95, n =17)

( r
2 = 0.84, n = 12)

( r
2 = 0.82, n = 16)

With the exception o
f

1987, the temperature- dependent rate o
f

oxygen depletion shows little interannual variability despite large

differences in venical density stratification and freshwater flow.

The collapse o
f

the spring bloom usually occurs a
s bottom

water oxygen falls below 2 mg L
- 1

• The chlorophyll a content o
f

the

water column a
t

the peak o
f

the spring bloom varies between about

1,000-2,000 mg m- 2
•

Assuming stoichiometric, aerobic decay o
f

this organic matter and a carbon to chlorophyll ratio ( C
/

Chl) o
f

5
0

b
y weight (see Malone e
t

a
l. 1988), these concentrations correspond

to oxygen demands o
f

about 130- 260 g0
2 m

-

2
, more than sufficient

to account for oxygen depletion given reasonable coefficients o
f

venical eddy diffusivity (see Officer e
t

a
l. 1984). Thus, it is not

necessary to accumulate organic matter in sediments from previous

years to provide the organic substrate required for seasonal oxygen

depletion a
s suggested b
y Taft e
t

a
l. (1980). The accumulation o
f

phytoplankton biomass in response to nutrient input from March

to May is the most likely source o
f

organic material required to fuel

the spring oxygen depletion and to maintain low oxygen levels, a
t

least during the early stages o
f

the summer oxygen minimum.Ap­parently,oxygen demand is generally not substrate limited during

spring.

In contrast to the rate o
f

oxygen decline during spring, the

magnitude o
f

summer oxygen depletion, o
r

hypoxia, variessubstan­tiallyfrom year to year. The volume o
f

water having oxygen levels

o
f

less than 0.7 mg L
- 1

exhibits large interannual variability (Officer

e
t

a
l. 1984); such variability in the areal and temporal extent o
f

oxygen depleted bottom water appears to b
e

related to the timing o
f

the onset o
f

hypoxia and o
n the frequency o
f

reaeration events
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which occur throughout the summer (see Malone e
t

a
l. 1986). A
s

indicated b
y the time integrated thickness o
f

bottom water having

a
n oxygen concentration less than 10o/ o o
f

saturation ( Table 4),

summer oxygen depletion was most severe during the high flow year

o
f

1984 and least severe during the drought o
f

1988. Variation in

the extent o
f

oxygen depletion ( Od, meter-days) is significantlycor­related
(P < 0.05) with mean density stratification (~ sigmat =dif­ferencebetween bottom and surface densities) b

y the least squares

(model

I
I
) regression:

o
d = -546 + 177 ( L
\ sigma) ( r
l = 0.87, n = 5
)

Thus, a
s discussed b
y Boicoun ( this volume), interannual variability

in the extent o
f

summer oxygen depletion appears to b
e primarily

due to variations in venical mixing and thus reaeration.

The magnitude o
f

the spring freshet (maximum mean monthly

flow in March and April, Q
,

m3 d
-

1
)

may also influence the extent o
f

oxygen depletion during summer a
s suggested b
y

the multiplere­gression:

o
d = -546 + 129 (.!\ sigma)+ 138 (Qx

1
0
8
)

( r
l = 0.97, n = 5
)

The influence o
f

spring flow may reflect a
n increase in buoyancy o
f

estuarine water relative to that o
f

the adjacent coastal water, a
n

effect that would result in greater stratification during the subsequent

summer (Boicoun, this volume). Another mechanism - notmu­tually
exclusive - involves nutrient- dependent accumulation o

fphy­toplanktonbiomass between March and May and the subsequent

oxygen demand caused b
y

the decay o
f

that biomass.

Conclusions

The conclusions summarized below are, in my opinion, most

consistent with published information. They are intended topro­vide
a basis

fo
r

constructive discussion and future research.
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Phytoplankton and Nutrients

Phytoplankton biomass accumulates to exceptionally highlev­elsthroughout the water column in the mesohaline reach o
f

the Bay

during spring ( March to May), largely a
s a consequence

o
f:

1
.

High nutrient input with the spring freshet.

2
.

Dominance o
f

chain-forming diatoms which tend to sink

from the surface layer into bottom water.

3
.

Two-layered estuarine flow which transports biomass into

the region from the lower Bay.

4
. Low woplankton grazing rates.

The vertical flux o
f

phytoplankton biomass to the benthos is high

during this period (Kemp and Boynton, this volume).

Phytoplankton appear to b
e

nutrient- replete a
s

biomassaccu­mulates
during spring but may experience transient nutrientdefi­ciency

a
s

nutrient demand exceeds supply due to the combined

effects o
f

biomass accumulation, declining river flow and nutrient

uptake b
y

freshwater phytoplankton upstream o
f

the turbiditymaxi­mum.
Such transient nutrient deficiency could develop very quickly

given the large area over which biomass accumulates, the riverine

source o
f

new nutrients and high growth relative to dilution rates

(Table

4
)
.

Thus, the sudden collapse o
f

the spring bloom in late

May may reflect a
n

increase in sedimentation rates caused b
y

the

rapid development o
f

a nutrient-deficient phytoplankton crop.Deple­tion

o
f

silicon may b
e a factor in this decline.

Zooplankton grazing appears to b
e

a
n important factorlimit­ing

accumulations o
f

phytoplankton biomass during summer. Low

chlorophyll a concentrations in subpycnocline water indicate that

direct sedimentation o
f

phytoplankton from the surface layer is not

a
n important loss, especially since bottom water is typically anoxic

o
r

nearly so. Predation b
y gelatinous zooplankton does not appear

to have a major impact on copepod biomass, a finding which indi-
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cates that gelatinous woplankton are not food- limited and d
o not

"crop" a significant portion o
f

the zooplankton grazers.

These observations suggest that the partitioning o
fphytoplank­ton

production among microbial and metazoan food webs varies

seasonally. A large fraction o
f

the biomass produced during the

spring bloom appears to b
e metabolized b
y heterotrophic microbial

populations during and after the collapse o
f

the spring bloom Oonas,

this volume). In contrast, proportionately more phytoplanktonpro­duction
appears to enter metazoan food chains during summer.

Nutrients, Phytoplankton and Dissolved Oxygen

Coupling between nutrient input and oxygen depletionap­pears

to occur via phytoplankton biomass and not viaphytoplank­ton
productivity per

s
e
.

Phytoplankton biomass is directly related to

seasonal variability in riverborne nutrient supply leading to large

seasonal fluctuations in phytoplankton biomass, which sets the stage

for seasonal oxygen depletion in the mesohaline reach o
f

the Bay.

The accumulation and sedimentation o
f

this biomass during spring

fuels spring oxygen depletion and contributes to the maintenance o
f

summer hypoxia/ anoxia. The spring biomass maximum also appears

to fuel benthic ammonium regeneration which supports thedevel­opment

o
f

the summer productivity maximum.

During spring, the rate o
f

oxygen depletion in bottom water is

temperature- dependent and shows little interannual variability.

Apparently, the process o
f

oxygen utilization is substrate- saturated

and independent o
f

the degree o
f

vertical stratification over the

range o
f

conditions observed from 198 5 through 1988. In contrast,

the temporal and spatial extent o
f

summer hypoxia and anoxiaex­hibits
significant year to year variability, primarily in response to

variations in vertical mixing and secondarily to variations in river

flow during the previous spring, both o
f

which are functions o
f

climate. The magnitude o
f

summer phytoplankton productivity

does not appear to b
e related to the volume o
f

oxygen- depleted

water that develops during the summer.

Officer e
t

a
l.

( 1984) presented evidence for a 30-year trend in

the magnitude o
f

summer oxygen depletion. They argued that this



I 0
2 I Oxygen Dynamics in the Chesapeake Bay

trend reflects a
n interannual increase in benthic oxygen demand

caused b
y a nutrient- dependent increase in phytoplanktonproduc­tivity.

In this model, the spring decline in oxygen is driven b
y

benthic respiration fueled b
y organic detritus produced during the

preceding summer and fall. Our results for 1984 to 1988 show that

interannual variations in summer anoxia are dominated b
y

climatic

factors which govern freshwater input and drculation (Boicourt, this

volume). Furthermore, the effect o
f

new nutrient input appears to

b
e

o
n total biomass rather than o
n productivity. Productivity is

more responsive to nutiient retention and recycling o
n seasonal to

annual scales than to new (riverborne) nutrient input per s
e
.

In this context, the significance o
f

silicate input a
s

a factor

limiting phytoplankton production is a
n important problem. The

spring bloom is dominated b
y diatoms which account for a large

fraction o
f

the flux o
f

organic matter to the benthos during spring.

Diatoms require silica for growth and silicon deficiency causes a

rapid increase in diatom sinking rates. Thus, the extent to which

relative increases in nitrogen and phosphorus loading have resulted

in a larger and more silicon- deficient diatom crop may b
e key to

understanding the relationship between nutrient enrichment and

oxygen depletion in the Bay.

Clearly, a nutrient management strategy should focus o
nre­ducing

nutrient loading between late winter and spring. Thecorre­lation
between river flow and phytoplankton biomass suggests that

the rate- compensating capacity o
f

the pelagic food web has been

exceeded, resulting in large seasonal variations in biomass. The

influence o
f

climatic factors o
n the magnitude o
f

summer anoxia

further indicates that the aerobic capacity to assimilatephytoplank­ton
production has also been exceeded. The extent to which such

nutrient " supersaturation" o
f

aerobic food webs has occurred should

b
e reflected in anaerobic processes o
f

organic decay and nutrient

cycling. Thus, characterization o
f

the rates and pathways b
y which

phytoplankton production is metabolized is o
f

fundamentalimpor­tance

to understanding the relationship between nutrient loading

and oxygen depletion.



Ejfocts ofWater Column Processes I 103

Management Implications

The 1987 Chesapeake Bay Agreement, a landmark in theevo­lution
o

f

environmental management nationwide, called for a 40%

reduction in nutrient loads to the Bay a
s a whole b
y

the year 2000.

This is a
n imponant step in the right direction, but it is not a
n end

in itsel£ The success o
f

nutrient management efforts in thewater­shed

o
f

the Bay and

it
s subestuaries must b
e measured in terms o
f

improved water quality and the achievement o
f

sustainable levels o
f

living resources. It will require several years ( a
t

least ten) o
fmoni­toringand stock assessment to establish that such trends are o

r

are

not occurring in response to management decisions.

An imponant conclusion o
f

this analysis is that non pointnu­trient
inputs delivered to the Bay b

y

the Susquehanna River support

a
n accumulation o
f

phytoplankton biomass that is in excess o
f

the

aerobic, oxygen assimilation capacity o
f

the Bay under currentcon­ditions

o
f

climate and watershed use. This conclusion has several

implications:

1
.

It is likely that reductions in nutrient loading will not b
e

reflected in improved water quality until nutrient inputs are

reduced to some a
s yet unknown level a
t

whichphytoplank­ton
growth becomes rate- limited. This "unknown level" could

b
e 10% o
r 90% o
f

current inputs and will vary depending o
n

other factors, the most important o
f

which are climatic ( e
.

g
.,

precipitation, the frequency and duration o
f

storms, mixing

events), patterns o
f

watershed use, and the response o
f

benthic

and pelagic communities to reduced nutrient loading. These

unknowns underscore the imponance o
f

theoretical models,

both biological and physical, a
s a means o
f

establishingappro­priate
levels o

f

nutrient reduction.

2
.

Given the sensitivity o
f

the Bay to climatic variability,

improvements in water quality, a
s

reflected in trends such a
s

increasing oxygen levels o
r

sustainable fishery yields, will not
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b
e

established for several years following the implementation

o
f

a particular management practice o
r

strategy. Thus, if

management actions are to b
e cost-effective, they must either

proceed slowly o
r

they must increasingly b
e dependent o
n the

application o
f

empirical and theoretical models. Empirical

observations o
f

ecosystem function and development o
f sound

ecosystem theory
a
re thus critical to the conceptualizing o
f

ecologically and economically sound management schemes.

3
.

Finally, nutrient management decisions intended to target

the mesohaline reach o
f

the Bay should b
e based in part o
n

criteria that reflect

th
e

relationships between total nutrient input

(not concentration), phytoplankton biomass (not productivity), and

the temporal and spatial extent o
f

oxygen depletion. In this

context, accumulations o
f

phytoplankton biomass required to

fuel oxygen depletion appear to b
e more sensitive to nitrogen

loading (and possibly silica inputs) than to phosphorusload­ing.
Clearly, limitations on point and nonpoint nutrient inputs

should b
e a part o
f

a broad strategy o
f

resource managementinvolv­ing
the conservation o

f

water, soil and living resources. Again, the

Chesapeake Bay Program is a
n important model for the nation.

Progress is being made toward appropriate levels o
f

sewagetreat­ment,
particularly in the subestuaries o

f

the western shore. Increased

efforts are needed to reduce nonpoint nutrient inputs, particularly

during spring when precipitation and runoff from the watershed are

typically highest.

Research Needs

Current efforts to manage environmental changes caused b
y

human activities tend to focus o
n particular attributes o
f

ecosystems

- for instance, nutrient concentrations, oxygen level, concentration

o
f

toxics and fish yield - rather than o
n entire ecosystems and the
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underlying processes that lead to undesirable changes in them, for

example, species succession, patterns o
f

energy flow and nutrient

recycling. Given the need to "act now" and our inadequateunder­standing
o
f

these complex systems, it is imponant to distinguish

between shon-term, tactical responses to indicators o
f

stress and

long- term, strategic solutions to problems o
f

ecosystem function.

Both approaches are needed. In the shon-term, limits must b
e

placed o
n the rate a
t which w
e are polluting the environment. In

the long- term, the development o
f

a strategy for environmental

management must b
e based o
n a sound theoretical understanding o
f

ecosystems and the role o
f

the human species in ecosystems.

The achievement o
f

a truly integrated program o
fenviron­mentalmanagement is a long-term goal that will require a better

fundamental understanding o
f

how the watershed and

it
s rivers and

estuaries respond to inputs o
f

energy and nutrients in terms o
f

the

rates and pathways o
f

nutrient cycling and expon, trophic dynamics

o
f

microbial and metazoan food webs, and the relationship o
f

these

processes to water quality and fishery yields. In this context, major

gaps in information include the following:

1
. How changes in the patterns o
f

watershed use influence

freshwater runoff, erosion (sediment transpon) and nutrient

inputs (amount, form and distribution) to the Bay and

it
s

subestuaries.

2
.

The mechanisms b
y which the accumulation and turnover

o
f

phytoplankton biomass is influenced b
y external inputs

( freshwater runoff, sediment and nutrient loading) relative to

internal changes (circulation, losses to pelagic and benthicgraz­ers).

3
.

The processes that govern the partitioning o
f

phytoplank­tonproduction among microbial and metazoan food webs

and how such partitioning is related to water quality and

fisheries.
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These are ecosystem level problems that must b
e addressed through

coordinated interdisciplinary research and monitoring programs. A
s

simply stated b
y

Aristotle (Stone 1988) "
.

. . the doctor does not

treat the disease, h
e treats the patient."
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Introduction

Bacteria have long been known to play a
n importantecologi­cal

role in aquatic systems; however, except in specializedecosys­tems

o
r

in cases o
f

path~ genic o
r

malodorous conditions, bacterial

processes have often been ignored. In part, this reflects the public's

concern with harvestable resources, which has meant that,histori­cally,
biological research focused o

n the more obvious factorscon­trolling
the availability o

f

those resources. In addition, aquaticmi­crobial
ecology lacked the sophisticated methodological toolsneces­sary

for studying bacterial abundance, distribution and activity. In

the last decade, though, new techniques have been developed and

refined for conducting these studies (see Atlas and Bartha 1987 for a

review o
f

current methods). Such techniques have enabledresearch­ers

to frame and investigate the following hypotheses about the role

113
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o

f

microorganisms in hypoxic and anoxic processes in Chesapeake

Bay (Figure 1).

1
.

Heterotrophic bacteria, microbial organisms that break

down organic matter, are responsible, either directly o
r

indirectly, for most o
f

the oxygen consumption inChesa­peake
Bay.

2
.

Water column bacterial processes are important, compared

with sediment processes, in controlling dissolved oxygen

concentrations.

3
.

The main source o
f

organic matter is autochthonousphy­toplankton
production in the Bay, though this production

might b
e separated spatially and temporally from theoxy­gen

consumption.

4
.

Both particulate and dissolved organic matter could b
e

imponant contributors to biochemical oxygen demand

(BOD).

To test these hypotheses, researchers asked two basic types o
f

questions, namely, ( 1
) How many bacteria are present, where are

they, and how active are they? ( 2
)

Do bacteria consume thedis­solved
oxygen? In addition, they wanted to know about the organic

matter which suppons oxygen consumption, in particular,

it
sphysi­caland chemical nature and

it
s origins; and, finally, whether o
r

not

there is a
n imponant bacterially-based food web which influences

the trophic structure o
f

Chesapeake Bay.

This chapter discusses the role bacteria play in controlling

oxygen consumption in the Bay. It approaches this task b
yexamin­ing

the various experimental approaches for measuring bacterialcom­munity
characteristics, for example, abundance, production and

metabolism; the ecological role o
f

bacterioplankton (the free-living

bacteria in the water column); and the relationships betweenbacte­rial
processes and changes in food web dynamics.
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Experimental Approaches

for Studying Aquatic Microbial Processes

Beginning with the assumption that bacteria in the watercol­umnwere imponant to oxygen consumption, researchers hadex­pectations

o
f

high abundances o
f

very active bacteria there. I
t seemed

likely they would b
e especially prominent near the pycnocline, where

the rate o
f

sinking o
f

floating materials, such a
s

detritus (paniculate

matter, generally o
f

organic origin) and dead o
r

dyingphytoplank­tonand woplankton, would b
e slowed. In addition, it seemed likely

APHOTIC ZONE
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Less o
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Figure 1
.

Interactions among phytoplankton, bacterioplankton, sedimentbac­terial
processes, organic matter and oxygen concentrations in the stratified

mesohaline reach ofChesapeake Bay.
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that the highest abundances and activities would b
e

in geographic

areas o
f

greatest dissolved oxygen consumption o
r

oxygen deficit.

With regard to the sources o
f

organic matter necessary for

supporting bacterial communities: ( 1
)

if phytoplankton are thedi­rect
source, then bacterial abundance and/ o

r

activity shouldcorre­latestrongly with phytoplankton variables; ( 2
)

if phytoplankton are

the indirect source o
f

organic matter, then bacterial parameters might

correlate positively with chlorophyll degradation products ( e
.

g
.
,

phaeopigments, phytodetritus) o
r

with dissolved organic matter ( e
.

g
.
,

amino acids o
r

carbohydrates) in the water column.

Experimentally, a suite o
f

measurements was taken a
t

each

station located along transects across the Chesapeake Bay mainstem

(Figure 2
)
.

These stations, including the Chop- Pax transect (see

Introduction), were occupied a
t

varying time intervals ranging from

a few days to weeks. Measurements included depth distributions o
f

bacterial abundance, bacterial production and metabolism (incorpo­rationalone o
r

incorporation and respiration) o
f

specific organic

substrates, biochemical oxygen demand (BOD), dissolved BOD (pass­inga Gelman Type NE filter, a standard filter for determination o
f

suspended solids in water), particulate organic carbon (POC) and

particulate organic nitrogen (PON) a
s

well a
s phytoplanktonpa­rameters,

nutrient concentrations and hydrodynamic water quality

characteristics (Malone e
t

a
l. 1986; Tuttle e
t

a
l. 1987a, b
;

Jonas e
t

a
l. 1988b; Ducklow e
t

a
l. 1988). Tuttle e
t

a
l.

( 1987a) investigated

relevant aspects o
f

microbial sulfur cycling a
t

selected stations in

separate efforts and in association with those noted above.

In addition, various researchers employed other experimental

designs. Zieman and Macko (1988) and Lagera and Zieman (1988)

investigated the role o
f

macrophyte detritus and

it
s decomposition,

in oxygen dynamics. Kemp (1987) partitioned water columnrespi­ration
into important size classes to establish the nature o

f

theor­ganismscontributing to the oxygen consumption process.

Based o
n the transect studies, it was possible to develop a
n

east/ west and north/ south seasonal picture o
f

the dynamics o
f

the

microbial and organic carbon components o
f

oxygen demand in the

Bay. Other specific hypotheses regarding processes o
f

potential im-
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ponance to oxygen depletion were tested. For example, Tuttle e
t

a
l.

(1987) and Divan and Tuttle (1988) tested the hypothesis that

sulfate reduction in the water column was limited b
y the availability

o
f

specific organic substrates. Bell e
t

a
l.

( 1988) and Jonas e
t

a
l.

(1988) tested the hypothesis that cenain classes o
f

organiccom­pounds,
such a

s amino acids and shon chain organic acids, might

accumulate near the pycnocline under highly stratified conditions

and that this accumulation might b
e associated with increasedbac­terialabundance and activity.

The following section summarizesthe findings about bacterial

behavior, namely, their abundance, production, metabolism andsul­fur
cycling.

Bacterial Behavior

Bacterial Abundance

A significant finding o
f

these investigations is the routineoc­currence

o
f

exceptionally high, sustained bacterial abundances in

Chesapeake Bay during spring and summer. In comparison with

other estuaries, abundances o
f

such magnitude are large ( Ducklow

1982; Jonas 1981; Palumbo and Ferguson 1978; Wright and Coffin

1984). Figure 3
,

for example, shows that during June, July and

August cell densities

a
re usually greater than 7 million cells mi-

1 and

often approach 2
0 million ml-

1
•

High levels o
f

bacterial abundance occur throughout there­gionfrom the Bay Bridge a
t

Annapolis in the nonh

to
,

a
t

l~ ast, the

Great Wicomico River in the south. Compared with the midsection

o
f

the Bay near the Patuxent River, mean summer abundances were

somewhat higher both in the nonhero ponion o
f

the study area

(Tuttle e
t

a
l. 1987b) and the southern ponion Oonas and Tuttle

1990). The wide distribution o
f

elevated bacterial abundances strongly

suggests a
n equally wide distribution o
f

high concentrations o
f

labile

organic matter and high primary production rates throughout this

region o
f

the Bay.

Bacterial abundance changes seasonally (Figure

3
)
:

in theup­permixed layer o
f

the water column in winter, cell densities are
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about 1 to 2 million cells ml-
1
; in spring, 6

-

8 million ml-
1

; and in

summer 1
0

to 2
0 million ml-

1
• Beginning in late August o

rSeptem­ber,abundances decline and reach a minimum in January o
rFebru­ary.The causal significance o

f

the strong association betweentem­peratureand bacterial abundance ( r
2 = 0.72-0.81) (Ducklow e
t

a
l.

1988) is complicated b
y complex environmental changes, forex­ample,

increased insolation, nutrient input, phytoplankton biomass

and production, which also accompany seasonal temperaturevaria­tions
( Tuttle e

t

a
l. 1987b).

During late spring and summer mean bacterial abundances

are often higher along the flanks o
f

the Bay than over the deep main

stem channel (Figure

4
)
.

In the nonhern sections o
f

the study area,

abundances tend to b
e

highest o
n

the eastern flank (Tuttle e
t

a
l.

1987a), though in the southern area they tend to b
e highest on the

western margin Oonas 1987; Jonas and Tuttle 1990). Thisdistribu­tion
pattern is probably related to higher phytoplankton production

and biomass and higher organic carbon concentrations over the

flanks ( Malone e
t

a
l. 1986; Jonas 1987; Malone, this volume).

With more highly stratified waters in summer, bacterialabun­dance
declines with depth (Figure 3), especially when the deepwa­ters

are anoxic (Tuttle e
t

a
l. 1987b). This decline is coupled directly

to the location o
f

the pycnocline, with higher abundances above and

lower abundances below. In contrast, during late spring, bottom

water bacterial abundances can exceed those in the surface waters

(Figure 5
)

Oonas and Tuttle 1990). These bacterial distributions

may b
e

a consequence o
f

earlier accumulations o
f

phytoplankton in

the deep water.

The hypothesis that there could b
e mid-water maxima inbac­terialabundance in the vicinity o

f

the pycnocline is supponed in

observations b
y Tuttle e
t

a
l.

( 1987b) and Jonas and Tuttle (1990).

However, zonation o
f

bacteria appears to b
e quite narrow and it is
,

therefore, imponant to sample with high resolution in order to

detect the peaks. While the obvious solution to this problem is to

collect samples a
t

more depths near the pycnocline, in practical

terms this has often · been incompatible with other research goals.

In 1987, Jonas was able to incorporate a more intensive depth-
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profiling sample design into studies between the Patuxent River and

the Great Wicomico River. Those investigations showed mid-water

maxima o
f

bacterial abundance, a
s

well a
s

bacterial metabolism and

concentrations o
f

specific organic compounds (Bell e
t

a
l. 1988; Jonas

e
t

a
l. 1988a), a
n indication o
f

the accumulation o
f

materials near

this density discontinuity. These findings are most important from

a process perspective, because localization o
f

oxygen- demandingor­ganic
matter and bacterial metabolic activity (a bacterial plate) likely

acts a
s a biological barrier to the movement o
f

oxygen into the

subpycnocline water.

Most o
f

the bacteria in the Bay (often more than 90%) are

small, < 1 micron (

J
l) and free living. Because o
f

this small size, large

numbers d
o not necessarily imply great biomass. However, biomass

calculations employing reasonable conversion factors ( 2
0 JlgC/bac­terial

cell, 70 JlgC/ JlgChl) indicate that bacterial biomass is often

30%, and can exceed 60%, o
f

phytoplankton biomass during late

summer when bacterial abundances are maximal (Malone e
t

a
l. 1986;

Tuttle e
t

a
l. 1987a; Ducklow e
t

a
l. 1988; Jonas and Tuttle 1990).

On a biomass basis, the bacteria are very important members o
f

the

heterotrophic community.

If particulate matter, a
s

represented b
y

the phytoplankton, is

the principle source o
f

organic matter for these bacteria thenbacte­rial
biomass seems sometimes excessive and not sustainable for long.

However, dissolved organic matter from the phytoplankton, rather

than the particulate phytoplankton itself, may b
e the form o
for­ganicmatter directly supporting the bacterial biomass. Continuing

investigations in this program have focused, in part, o
n the specific

form and quantity o
f

organic matter which actually fuels microbial

metabolism and oxygen consumption. Studies b
y Ducklow e
t

a
l.

( 1989) and Blum and Mills (1989) have been carrying this work on.

Bacterial Production

Bacterial production rates, like bacterial abundances, risesig­nificantly
from winter through spring and early summer (Figure 6),

roughly from about 5
0

to 1250 mgC m
-

2
d
- 1

(Malone e
t

a
l. 1986;

Ducklow e
t

a
l. 1988; Jonas e
t

a
l. 1988c). These carbon- based
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values are equivalent to rates o
f

about 2
0

to 700 million bacterial

cells produced in each liter o
f

Bay water each hour. Bacterialpro­duction
in the euphotic zone is often equivalent to 30% o

r

more o
f

phytoplankton production and occasionally reaches 100% o
r

more

o
f

phytoplankton production (Ducklow e
t

a
l. 1988), A
s

a fracti~ n

o
f

endogenous primary production, Chesapeake Bay bacterialpro­duction

is very high compared to more usual values o
f

20% o
r

less

in other pelagic systems (Hobbie and Cole 1984; Ducklow and Hill

1985). These high production rates indicate the highly active state

o
f

the bacterial community and suggest the availability o
f

a large

pool o
f

organic matter to suppon this secondary production.

In spring euphotic zone bacterial production rises rapidly,usu­allyreaching maximal values during June, declines during July and

August, but can peak again during late summer (Figure 6b). During

winter, bacterial production is uniform throughout the watercol­umn,but during late spring and summer euphotic zone production

is usually greater than subpycnodine production (Figure 6a) (Tuttle

e
t

a
l. 1987a, b
;

Jonas and Tuttle 1990). Exceptions to this pattern

d
o occur, however. For example, bottom water production can b
e

a
s

much a
s 2 to 3 times that in the euphotic zone during spring, and

mid-water production peaks near the pycnocline are notuncom­mon.
Spatially, high rates o

f

production, like abundance, occur

throughout the mesohaline Chesapeake Bay. Although the highest

rates occur to the nonh in the region between the Annapolis Bay

bridge and the Patuxent River, production is often higher south o
f

the Potomac River than in the region o
f

the Patuxent River. This

suggests two foci o
f

biological activity in the Bay Oonas and Tuttle

1990). The nonhern focus may b
e

associated with nutrient and/ o
r

phytoplankton transpon from the upper-Bay while the southern

focus may b
e related to deep-water transpon o
f

phytoplankton­derived
organic matter from the lower-Bay and influx o

f

nutrients

from the Potomac River.

Generally, during summer the highest production values are

found over the shallow flanks o
f

the Bay rather than the main

channel itself (Figure 7
)

(Tuttle e
t

a
l. 1987a). Especially in spring
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Time dependent depth profile o
f

bacterial production over the
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a
L 1987a);
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mean bacterial production in mesohaline Chesapeake Bay, 1984- 1987

(Ducklow e
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a
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and summer, highest production values are found along the western

flank. This has been particularly apparent along the Great Wicomico

River transect in the mid-Bay south o
f

the Potomac River Oonas

1987). The varying distribution pattern o
f

bacterial productionim­plies
a rather complex and finely zoned distribution o

f

the organic

matter which suppons that production. Evidence suggests that the

bacterial production and metabolism in this system are mostdi­rectly
dependent o

n dissolved organic matter in the water column

(Bell e
t

a
l. 1988; Jonas e
t

a
l

1988; Jonas and Tuttle 1990). An

analysis b
y Ducklow e
t

a
l. ( 1988) and Peele (1988) indicates that

phytoplankton, under a

s
e
t

o
f

specifically defined steady statecondi­tions,
could suppon bacterial production a

t
a maximal rate o

f

about

40% o
f

phytoplankton production. They argue that greater relative
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production rates would necessitate either external organic carbon

sources o
r

a diminished bacterial growth rate. If phytoplanktonpro­duction
measurements d

o not account

f
o

r

dissolved organicproduc­tion,
then the distribution o

f

bacterially labile organic carboncon­centrationsshould b
e measured directly (see below) in order to

more accurately compare primary and secondary production.'

Bacterial Metabolism

Bacterial metabolism o
f

several classes o
f

dissolved organic

compounds - including glucose, amino acids and organic acids -

is also high compared with other ecosystems (Bell e
t

a
l. 1988; Jonas

e
t

a
l. 1988a). Data indicate that monosaccharides, probably glucose,

are likely the preferred carbon source supporting bacterialmetabo­lism

in Chesapeake Bay. Glucose turnover rates in late spring,com­paredwith winter lows o
f

a few percent per hour, can reach 50% h· '

and are sustained throughout the summer a
t

20%
h
-
'

(Figure Sa).

Amino acid pool turnover rates in spring are slower than glucose

rates (Figure 8b) but can reach 20% h· ' and generally follow glucose

turnover rather closely throughout the year.

Data from three annual cycles indicate that bacterialmetabo­lism,which is elevated throughout the mesohaline Bay, is uncoupled

from bacterial production temporally. Metabolic activity peaks in

April o
r

May while production peaks in June. Geographically,how­ever,metabolism, like production, is greater over the flanks o
f

the

Bay than over the main channel (Figure 8c) and is usually slightly

greater toward the northern and southern boundaries o
f

this region.

1
There is some concern about the appropriate use o

f

the thymidine incorporation

method for estimating bacterial production (Karl 1982; Lovell and Konopka

1985; Robarts e
t

a
l.

1986}. One o
f

the most significant concerns is thepossibil­itythat macromolecules other than DNA become radiolabelled during theincu­bation
procedure. A

s

it is applied here, the technique is likely to yield acceptable

estimates o
f

bacterial production in Chesapeake Bay, especially when the water is

not anoxic. Under aerobic conditions, most o
f

the titrated thymidine isappar­ently
incorporated into DNA Given the need for accurate estimates o

f

bacterial

secondary production, further investigation o
f

the specific applicability o
f

the

techniques to Bay samples and determinations o
f

appropriate cell and carbon

conversion factors a
r
e

certainly warranted.
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a
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To calculate actual rates o
f

metabolism o
f

specific substrates

both turnover rate and concentrations must b
e known. In 1987,

free dissolved glucose concentrations were estimated to b
e

in the 1

to 2 Jlmolar range in the southern mesohaline Chesapeake Bay and

free amino acid concentrations ranged from about 0.2 to 1.2 Jlmolar

(Bell e
t

a
l. 1988; Jonas e
t

a
l. 1988a). Average metabolic rates were

about 225 nmol L
-

1h-
1

for glucose and about 2
0 nmol L
-

1
h
- 1

for

amino acids. The data indicate that organic pool turnover rates

actually increase a
s

substrate concentrations increase, which implies

that the bacterial community is poised to respond quickly to take

advantage o
f

increased nutrient concentrations b
y expandedmeta­bolic

activity. This response could b
e accomplished either b
yin­creasing

cell abundance o
r

increasing cell specific rates o
f

metabolic

activity. Both responses probably take place in the Bay bacterial

community.

Bacterial metabolic activity peaks in the vicinity o
f

the

pycnocline under some conditions (Bell e
t

a
l. 1988; Jonas e
t

a
l.

1988a). During summer, when the water column is stratified, amino

acid metabolism can b
e 3 to 7 times greater a
t

the pycnocline than

it is above o
r

below (Figure

9
)
.

This increase in activity is associated

with a 5 to 1
0 fold increase in amino acid concentration a
t

the

pycnocline, but n
o marked increase in glucose concentration.Con­servatively,

bacterial amino acid and glucose metabolism alone in

the water column near the pycnocline could result in a 0.7 mg L
-

1
d
- 1

demand o
n dissolved oxygen. Thus, the bacteria could effectively

" cap" the subpycnoclinal region and prevent diffusive reaeration.

Bacterial Sulfur Cycling

In addition to aerobic heterotrophic processes which consume

oxygen (Equation

1
)
,

the biogeochemical cycling o
f

sulfur also leads

to a major oxygen demand in the water column. Under anoxic

conditions, sulfate reducing bacteria carry out anaerobic respiration

using sulfate a
s

a terminal electron acceptor ( Equation 2
)

andpro­duce
hydrogen sulfide a

s

a byproduct:

( 1
)
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Sulfate Reduction: 2
[

CHpJ + S04 ~ s
-

+ 2C0
2

+ 2Hp ( 2
)

( Anaerobic Respiration)

Sulfide Oxidation: S
-

+ 20
2

~ SO 4 ( 3
)

In turn the hydrogen sulfide can b
e oxidized back to sulfate and/ o
r

other sulfur intermediates (Equation

3
)
,

in the presence o
f

dissolved

oxygen, b
y both microbial and chemical processes. In the Bay's

mesohaline region, hydrogen sulfide production likely occurscon­tinuously

in the sediments, but sulfide only accumulates in the

water column when it is anoxic. Under those conditions, sulfide can

often b
e detected just beneath the pycnocline and increases incon­centration

with depth to the bottom (Figure 10) (Tuttle e
t

a
l. 1987a).

In the Bay's mesohaline region, water column sulfide concentrations

reach a maximum o
f

about 8
-

1
5 Jlmolar. Stoichiometrically, this

sulfide concentration would demand 0.25-0.50 mg0
2 L

- 1
•

Sulfide is produced primarily in the bottom sediments (Tuttle

e
t

a
l. 1987a). Currently available data suggest that only about 1% o
f

the sulfide is produced in the water column when it is anoxic, and

that water column sulfate reduction is likely limited b
y lowconcen­trations

o
f

specific organic substrates required b
y sulfate reducing

bacteria ( Divan and Tuttle 1988; Tuttle e
t

a
l. 1987). Though the

rate o
f

sediment sulfate reduction is strongly correlated withtem­perature

in spring and summer, peak rates occur in early fall,prob­ably

in response to organic inputs from late summer and fallphyto­plankton
production (Tuttle e

t

a
l. 1987a).

When the water column is oxygenated, sediment sulfatere­duction
continues but the sulfide is oxidized a

t

the sediment water

interface. Therefore,

it
s influence o
n water column oxygenconcen­trations

is physically limited. However, once the water columnbe­comes
anoxic, sulfide diffuses upward a

t

a rate controlled b
y

both

the rate o
f

production o
f

sulfide and rate o
f

reaeration and can

constitute a major oxygen demand a
t

the pycnocline. Undersum­merconditions measured sulfide oxidation in the vicinity o
f

the

pycnocline results in mean oxygen consumption rates of9 mg0
2 L

-

1

d
- 1

( Tuttle e
t

a
l. 1987b). Although this demand is limited to the

region immediately beneath the pycnocline, it is comparable to the



0

• AA Concentration ( X 100 nmol L-')

• AA Metabolic Rate (X 100 nrnol

L
-
'

h-')

*
AA Turnover Rate (%h-')

• Salinity (ppt)

5

I
_

a
s
::
_
_

1
0

Q)

0

1
5

( a
)

Patuxent River

2
0

0 5 1
0

1
5

2
0

2
5

3
0

0

• AA Concentration (X 100 nmol L-')

• AA Metabolic Rate (X 100 nrnol

L
-
'

h-')

5 *
AA Turnover Rate (%h-')

• Salinity ( ppt)

1
0

I 1
5

_

s
:
:
_

a
_

0
Q ) 2
0

2
5

3
0

( b
)

Great Wicomico River

3
5

0 5 1
0

1
5

2
0

2
5

3
0

3
5

4
0 45

Figure 9
.

Vertical distributions o
f

amino acid concentrations, amino acid

turnover rates and amino acid metabolic rates a
t

main stem stations off ( a
)

the

Patuxent River and ( b
)

the Great Wicomico River o
n

july 30, 1987.

130



Microbial Processes, Organic Matter and Oxygen I 131

measured (under aerobic conditions) aerobic heterotrophic demand

in the water column beneath the pycnocline.

Modeling the Bacterial Role in Oxygen Consumption

Models that detail the processes influencing oxygenconsump­tion

in the Bay should emphasize the imponance of( l) aerobichet­erotrophic
bacterial metabolism, ( 2

)

sulfide oxidation and ( 3
)accu­mulation

o
f

bacterially labile organic matter in the water column.

Accumulations in the vicinity o
f

the pycnocline may b
eespe­cially

imponant. Evidence to date indicates that during spring and

summer, microbial aerobic heterotrophic metabolism throughout

the water column results in the progressive depletion o
f

oxygen

beneath the pycnocline during spring and summer. Once anoxic

conditions develop, sulfide oxidation a
t

the pycnocline consumes

oxygen both biologically and chemically and is a key component in
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n July 26, 1984 (from

Tuttle e
t
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L 1987a).
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maintaining anoxic conditions. In addition, organic matter ( i. e
.
,

amino acids) and fermentation products ( i. e
., acetate) accumulate a
t

the pycnocline and fuel very high local rates o
f

bacterial metabolism

and oxygen consumption (Tuttle e
t

a
l. 1987a).

Several lines o
f

evidence suppon a conclusion that the bacteria

are responsible

f
o
r

the oxygen consumption.

1
.

Measured net oxygen consumption rates in the watercol­umn

a
re about 1 to 1.5 mg0

2 L
-

1
d
- 1

(Tuttle e
t

a
l. 1987a,

b
)
.

2
.

Calculated oxygen consumption rates based o
n themea­sured

bacterial abundances and biomass specific oxygen

consumption rates for bacteria are also about 1 to 1.5

mg0
2 L

-

1
d
-

1
•

3
.

Size fractionation experiments indicated that 5
0

to 95%

o
f

the oxygen consumption in surface waters, and 7
0

to

100% in bottom water, could b
e accounted

f
o
r

b
yorgan­isms

smaller than 3
f
.

l (Kemp e
t

a
l. 1987). Although this

could include eukaryotic microorganisms such a
sprotozo­ans,

bacteria likely dominate this size range.

Sampou e
t

a
l.

(1988) reported that during May, when oxygen is

rapidly depleted, 6
0

to 70% o
f

total biological oxygen consumption

is attributable to planktonic respiration; data from 1986 and 1987

indicate that bottom water oxygen consumption is due principally

to organisms smaller than

3
f
.

l. There was a strong linear relationship

( r
2 = 0.76, slope = 1.1) between total water column respiration and

respiration in 3
f.

l filtered water. If the bacteria are actuallyrespon­sible

f
o
r

the oxygen consumption, a strong linear relationship should

exist between bacterial abundance o
r

activity and the rate o
f

oxygen

depletion. Regression o
f

water column oxygen consumption o
nbac­terialabundance for 1984 and 1985 (y = 0.0045X + 0.0066; r

2 =
0.90) clearly supports the importance o

f

bacterially mediatedoxy­gen
consumption (Figure 11) (Tuttle e

t

a
l. 1987a). Since there is a

relatively strong correlation o
f

oxygen consumption on temperature



Microbial Processes, Organic Matter and Oxygen I 133

(upper water column r
2 = 0.69, Q

0
= 2.7

2
; lower water column r

2 =

0.23, Q
1
0

= 1.6) (Sampou e
t

a
l. 1988), the relationship shown in

Figure 1
1 implies some kind o
f

adaptation within the microbial

community such that bacterial cell specific oxygen consumption is

relatively unchanged throughout the year.

Organic Matter in the ~ter Column -What to Measure

Any attempt to model the physical, chemical and biological

interactions leading to oxygen depletion must naturally account for

a
ll

o
f

the most imponant factors influencing this process. One such

factor, the pool o
f

organic matter which actually suppons themi­crobial
metabolism, has not previously been measured directly.Esti­mates

o
f

particulate organic matter, such a
s

chlorophyll a
,panicu­late

organic carbon and particulate organic nitrogen, which arenor­mallyused a
s indicators o
f

water quality, d
o not account for the

dissolved organic matter which is likely the primary form upon

which the microbes depend (Bell e
t

a
l. 1988; Ducklow e
t

a
l. 1988;

Jonas e
t

a
l. 1988a, b
;

Jonas and Tuttle 1990). Analytical measures o
f

total dissolved organic carbon are inappropriate because they are

dominated b
y refractory "yellow" material (Gelbstoffe) which is not

microbially labile.

Therefore, in conjunction with this research, measurements

were taken o
f

both total and dissolved biochemical oxygen demand

(BOD) and dissolved, free amino acid and monosaccharideconcen­trations
(Bell e

t

a
l. 1988; Jonas e
t

a
l. 1988; Jonas and Tuttle 1990).

The 5
-

day BOD measurement provided a
n empirical estimate o
f

the amount o
f

bacterially labile organic matter independent o
f

it
s

chemical composition, whereas analytical determinations o
f

amino

acids and carbohydrates were used to identify and quantitate the

specific classes o
f

organic matter supponing bacterial metabolism.

Biochemical oxygen demand in the Bay ranges from less than

0.5 mg L
- 1

to more than 7 mg L
- 1

o
n

a
n annual basis and varies

2
The ~

0
value is a measure o

f

the metabolic rate increase for each 1OOC in

temperature. A ~ 0 o
f

2 means that the metabolic rate doubles with increase o
f

l0° C
.
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significantly from season to season. During summer, maximumval­uesoccur in association with phytoplankton blooms in surfacewa­ters
along the western side o

f

the Bay, especially near the Annapolis

Bay Bridge and in the area south o
f

the Potomac River Oonas

1987). In early spring, however, BOD is highest in bottom water,

averaging 3
-

4 mg L
- 1

• The inverse relationship with depth mirrors

spring chlorophyll distributions. Early spring surface BOD is higher

in the southern mesohaline Bay than to the north, but during late

spring the revetse is true. In spring - but not summer -mid­water
peaks in BOD are frequent Oonas and Tuttle 1990).

During spring, most BOD is particulate in form throughout

the water column Oonas e
t

a
l. 1988b, Jonas and Tuttle 1990). In

summer, however, dissolved material dominates the BOD especially

below the pycnocline, accounting for 50- 60% o
f

the total BOD
throughout the water column and 80% in the bottom water.Obvi­ously,

if only particulate organic matter is measured, a large fraction

o
f

the material supporting the oxygen demand will b
e missed. This

uncertainty could seriously limit the accuracy o
f

environmental

models designed to predict Chesapeake Bay responses to changes in
nutrient inputs.

Free dissolved carbohydrates and amino acids are present in

high concentrations in Bay water, and during summer may account

for about 50% o
f

the total BOD (Table 1
)

Oonas e
t

a
l. 1988a).

These substrates may b
e even more important than their staticcon­centrations

suggest because high bacterial turnover rates ( e
.

g
., 50%

h
- 1

for glucose) imply that the pools are rapidly renewed s
o

a
s

to

maintain these high concentrations. The dissolved freecarbohy­dratesappear to b
e a major substrate fueling bacterial oxygencon­sumptionthroughout the water column. However, under highly

stratified conditions and subpycnoclinal anoxia, amino acids, and

probably short chain organic acids, can accumulate near the

pycnocline and become proportionately much more important Oonas

e
t

a
l. 1988a, b).

Although phytoplankton are probably the source o
f

theor­ganicmatter supporting the bacterial community and oxygencon­sumption
(Malone e
t

a
l. 1986), a strong linear relationship is not



Table 1
.

Oxygen demand due to measured biochemical oxygen demand (BOD),

soluble biochemical oxygen demand (FBOD), free dissolved monosaccharides

(glucose) and free dissolved amino acids (AA), and oxygen consumption due to

monosaccharides and amino acids under summer conditions in 1987 a
t

two

mainstem Chesapeake Bay stations.

Patuxent

Station a
2

June- Aug.

Great Wicomico

Station b
3

June- Aug.

Combined Station

Mean

June- Aug.

Combined Station

Mean

August a
t

Pycnocline

Combined Station

Mean

August Excluding

Pycnocline

BOD FBOD Glucose Amino Acid

(mg L· 1
)

(mg L· 1
)

(mg L· 1
)

1 (mg L
- 1

)

1

1.36 0.77 0.16 0.05

1.08 0.76 0.16 0.11

1.20 0.76 0.16 0.08

1.16 1.01 0.25 0.20

1.57 0.94 n
r

0.05

Oxygen

Consumption

(mg0
2

L· I
d
-

1
)

GLU AA

n
r

n
r

n
r

n
r

0.30 0.07

0.50 0.20

n
r

n
r

1
Measured concentrations were converted to oxygen demand equivalents assuming that

a
ll

carbon is oxidized to C0
2

• Oxygen consumption rates were calculated using measure

glucose and amino acid metabolic rates. Oxygen consumption was calculated based o
n

amino acid metabolic rates. Oxygen consumption was calculated based on measured

metabolic rates for the specific substrates.

2 Station a located over main channel opposite Patuxent River.

3

Station b located over main channel opposite Great Wicomico River.

135
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evident between measures o
f

phytoplankton biomass (chlorophyll a
)

and BOD ( r
2 = 0.24). A somewhat stronger relationship is evident

among particulate organic carbon o
r

particulate organic nitrogen

and BOD ( r
2 = 0.54 and 0.64, respectively); although this accounts

for 60% o
f

the variation, it is dear that measures o
f

particulate

organic matter d
o not explain

a
ll

o
f

the variation in organic carbon

fueling bacterial metabolism. We suggest that measurement o
f BOD

and dissolved BOD should b
e included in the suite o
f

variables

monitored in Bay waters and that these data b
e considered in water

quality monitoring and modeling efforts.

Studies b
y Lagara and Zieman ( 1988) and Zieman and Macko

(1988) support the hypothesis that phytoplankton are the principal

source o
f

organic matter in the Bay. They used a technique which

tracks the biological source o
f

organic carbon, nitrogen and sulfur

b
y quantifying differential enrichment o
r

depletion o
f

naturallyoc­curring
stable isotopes o

f

each element. Their data indicate that the

stable isotope enrichment pattern in Chesapeake Bay biota isconsis­tent
with a phytoplankton origin for the organic matter but not

consistent with a
n upland terrestrial o
r

submerged aquaticmacro­phyte
source.

Ecological Role o
f

Bacterioplankton

Fine scale zonation o
f

organic matter, bacteria and theirasso­ciated
processes in the water column appears to b

e characteristic o
f

the mesohaline Chesapeake Bay during the summer. This pattern

corresponds to the " bacterial plate" concept in which functionally

specialized bacterial communities

a
re arranged in layers in thevicin­ity

o
f

a density discontinuity, especially when anoxic conditions

develop. Given the great diversity in metabolic potential exhibited

b
y

bacteria, expectations

a
re that the various habitats occurring

throughout the water column would b
e exploited b
y opportunistic

bacteria. The linkage between these bacterial communities and

water quality conditions in Chesapeake Bay should b
e

o
f

special

concern to water quality management for two important ecological

reasons. First, the accumulation o
f

organic matter a
t

the pycnocline

results in a biological barrier to reaeration o
f

the deep water. Sec-
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ond, there is a critical biological distinction between hypoxiccondi­tions
in the water column and true anoxia.

Accumulation ofOrganic Matter a
t

the Pycnocline

Recent data (Bell e
t

a
l. 1988; Jonas e
t

a
l. 1988b) wouldsug­gest

that bacterially labile organics can derive from below, a
s

well a
s

above, the pycnocline. Specifically, short chain organic acids, which

a
re probably fermentation end products, fuel high rates o
f

bacterial

metabolism in the immediate vicinity o
f

the pycnocline. Theseprod­ucts
probably accumulate only under anoxic conditions and are

metabolized a
t

the narrow interface between oxic and anoxic zones.

From a management perspective a critical result o
f

this ecological

interaction is that bacterial oxygen consumption actually limits the

rate o
f

oxygen diffusion to the deep waters b
y reducing the oxygen

concentration gradient near the pycnocline. It seems reasonable to

suggest that this kind o
f

fine scale process could materially affect

oxygen dynamics in the Bay.

Significant Differences between Anoxia and Hypoxia

While hypoxia itself can and does have dire consequences,

anoxia - once it occurs in the system - alters conditions to such

a
n extent that, in a major way, bacterial processes take control o
f

the

ecoysystem. Under anoxic conditions end products o
f

fermentation

and anaerobic respiration can accumulate and fuel increased rates o
f

oxygen consumption. This positive feedback mechanism helps to

maintain the dissolved oxygen deficit. Similarly, hydrogen sulfide

and possibly other reduced sulfur compounds can accumulate in the

water column and constitute a
n oxygen demand. It is important to

remember that a
s long a
s even a small amount o
f

oxygen remains,

the ecological transition will not occur.

Bacterial Processes and Trophic Dynamic Change

Just what consequences high levels o
f

bacterial activity have

for the Bay's ecosystem are still open to question. One hypothesis is

that there has been a shift in the Bay's trophic structure from a

metazoan chain, in which primary production is grazed b
y primary



138 I Oxygen Dynamics in the Chesapeake Bay

consumers such a
s zooplankton, to a microbial chain, in which

primary production is consumed b
y bacteria ( Tuttle e
t

a
l. 1987a).

Though speculative, there is evidence to support such a
n hypothesis

(Malone, this volume).

A comparison o
f

data from 1984 - a year o
f

above average

rainfall and runoff- and 198 5 - a year o
f

below average rainfall

- is instructive in this regard. While widespread anoxia occurred

during the summer o
f

1984, anoxia was very limited both indura­tionand extent in 1985. Despite these differences, mean bacterial

abundance, both above and below the pycnocline, was very similar

in both years (Table 2
)

(Tuttle e
t

a
l. 1987a). In contrast, bacterial

production was about 40% greater in 1985 than in 1984. Bacterial

turnover rates calculated from these measurements were about twice

a
s

great in 1985 than in 1984. These data suggest that in 1985,

when oxygen was present, the bacteria must have been grazed o
r

otherwise removed twice a
s

fast a
s

in 1984. Perhaps anoxiccondi­tionsand/ o
r

hydrogen sulfide toxicity in 1984 may have inhibited

the bacterioplankton grazers. In essence, such a scenario reflects a

positive feedback loop: a
s anoxia persists longer, fewer bacterivores

a
re active and bacteria

a
re free to consume more oxygen. Thebacte­rialcommunity in this case might b

e considered analogous to a

secondary biological wastewater treatment system wheremetaboli­cally
active bacteria

a
re used to reduce organic loading a
s rapidly a
s

possible. The analogy, however, does break down: unlike the natural

system, water is aerated in a waste treatment plant to prevent anoxia.

It appears that a large portion o
f

the phytoplanktonproduc­tion

is processed directly b
y the bacteria rather than by higheror­ganisms.The loss o

f

a substantial portion o
f

benthic filter feeding

populations, particularly oysters, which previously removedphyto­planktonfrom the water column, provides one possible scenario

supporting this hypothesis. A
s

the natural abundance o
f

filterfeed­ing
oysters is reduced through harvesting, poor water quality o

r

disease, phytoplankton populations could increase; this releases more

microbially labile organic matter to the water column, whichsup­ports
increased bacterial abundances and contributes to even more

oxygen depletion.
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Table 2
.

Phytoplankton and b
:

tcterial parameters under summer conditions in

1984 and 1985 in the mesohaline region of Chesapeake Bay.

Euphotic Zone Aphotic Zone

Phytoplankton Production (1984) 1.20

(gC m-2d- 1
)

(1985) 1.37

Phytoplankton Biomass (1984) 56.1

(mgChl m
-

2
)

(1985) 36.6

Bacterial Production1 (1984) 2.9x108 1.9x108

(cells L
-

1
h
-

1
)

(1985) 5.3x108 3.1x108

Bacterial Abundance (1984) 1.4x1010 0.8xl010

(cells L
-

1
)

(1985) 1.1X1 0
1
0

0.7x1010

Bacterial Turnover (1984) 0.5 0.5

( d
-

1
)

(1985) 1.2 1.1

0
2

Consumption (1984) 1.5 1.0

( mg L
-

1
d
-

1
)

(1985) 1.3 1.0

0
2

Consumption2 (1984) 1.6 1.1

( mg L
-

1
d
-

1
)

(1985) 1.3 0.9

1

Calculated a
s

2x1018 cells produced per mol thymidine incorporated.

2
Calculated from bacterial abundances and relationship (shown in Figure 11).

Newell (1988) and Jonas e
t

a
l.

(1989) have hypothesized that

b
y

increasing the abundance o
f

filter feeders such a
s

oysters,phyto­plankton
biomass in the water column could b

e reduced. The filter

feeders would metabolize some o
f

the phytoplankton production

directly and deposit substantial amounts o
n the bottom a
s

feces o
r

pseudofeces, where it likely would exert

it
s oxygen demand only

slowly. Based o
n estimates o
f

standing stocks in the Bay, oysters a
t

the end o
f

the 19th century could have filtered

a
ll

o
f

the water in

Chesapeake Bay once every four days (Newell 1988). Current oyster

biomass would require many months to accomplish the samefiltra­tion.

It seems possible that anthropogenic and disease relatedreduc­tions

o
f

the benthic biota may have contributed substantially to the
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hypothesized trophic shift toward a phytQplankton/ bacterioplankton

system.

Currently, there is n
o dear indication a
s

to the ultimate "re­source"
productivity o

f

a bacterial, secondary producer based food

web. It is possible that bacterivores such a
s protozoans couldpro­vide

a linkage between the bacteria and higher organisms and, thus,

bacteria could form the base o
f

a productive food web. However,

due to increased trophic transfers, secondary producer based systems

are less efficient than primary producer/ grazer systems. Thisineffi­ciency
suggests that bacteria d

o not act a
s the base o
f

a
n important

food web, but rather may

a
c
t

a
s

a sink

f
o
r

carbon and energy

(Ducklow 1983; Ducklow e
t

a
l. 1986). Even if the bacteria d
o form

O
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Figure II. Relationship between water column oxygen consumption andbac­terial
abundance. Symbols: (&)euphotic zone means; ( e) below euphotic

zone means for periods Aug 20- Sep 11, Sep I4-0ct 3 and Oct 5
- Nov 2
,

I984; (A) euphotic zone means; ( 0) below euphotic zone meansfor periods

Feb I2- Apr I7. Apr 29-] une 7 and june I9- Sep I2, I985 (from Tuttle

I987a).
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the base o
f

a valuable food web, the intermediate costs o
f

hypoxia

and anoxia
a
re probably too large to b
e compensated b
y

this food

web. Further investigations o
f

the relationships among bacteria and

their consumers are clearly needed to settle these questions.

Research and Management Needs

While it is unknown just how abundant o
r

metabolicallyac­tive
bacteria were in the past history o

f

Chesapeake Bay, twoimpor­tantoutcomes o
f

these investigations have been ( 1
)

the realization o
f

the imponance o
f

the heterotrophic microbial component inrela­tion

to water quality and oxygen dynamics and ( 2
)

the recognition

that a
n understanding o
f

the microbial role in the Bay's trophic

dynamics is essential for

it
s management. In addition, these studies

have provided the opponunity for significantly improvedunder­standing

o
f

the more basic interactions among nutrients,phyto­planktonand bacteria in estuarine environments. Nevertheless, that

understanding is fa
r

from complete. More sophisticatedmanage­ment
will require studies that further develop knowledge o

f
the

following:

1
.

Continue studies o
f

nutrient, phytoplankton, bacterialin­teractions

in the upper Bay and major tributaries. Do the

same relationships exits in these environments? How d
o

tributaries influence the main stem Chesapeake Bay?

2
.

Focus investigations on the specific sources o
f

bacterially

labile organic matter. Test specifically the nature andquan­tityoforganics released b
y phytoplankton and grazers.

3
.

Evaluate the concentrations o
f

imponant bacterially labile

organic pools.

4
.

Examine trophic interactions which may have exacerbated

the low dissolved oxygen problem. What effect does low

dissolved oxygen have o
n food web functioning? What
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Chesapeake Bay

influence d
o bacterivores have o
n bacterial processes,in­cluding

rates o
f

oxygen consumption?

5
.

Probe the possible existence o
f

a
n ecologically important

bacterially based food web in the Bay. Does such a food

web function in a
n energetically important way to support

harvestable resources?

Several o
f

these areas are currently being investigated with

support o
f

the National Oceanic and Atmospheric Administration

through the joint Maryland and Virginia Sea Grant Collegepro­grams,
Environmental Effects Research on Chesapeake Bay.Specifi­cally,Ducklow e

t

a
l. ( 1989) are investigating the role o
f

bacteria in

decomposition o
f

phytoplankton- derived detritus, and the relative

importance o
f

particle associated bacterial processes in theupper­andmesohaline Bay. In contrast, Blum and Mills (1989) areevalu­ating
the nature and quantity o

f

dissolved organic matter released a
s

fermentation byproducts from the anoxic zone in the Bay's bottom.

Both particulate and dissolved carbon contribute to oxygen demand

and, therefore, one overall goal o
f

these efforts will b
e

to assess the

relative contribution o
f

each to oxygen depletion in the Bay.

Obviously, knowledge o
f

trophic transfer rates o
f

bacterio­planktonand phytoplankton is important in understanding the food

web structure o
f

the Bay. Previous work suggests that the Bayeco­systemmay have shifted toward a bacterioplankton dominatedsys­tem,

in part, due to loss o
f

phytoplankton consumers such a
soys­ters.

In a field study, Jonas e
t

a
l. ( 1989) are investigating thehy­pothesis

that reintroduction o
f

large abundances o
f

filter feeding

oysters, through a rafted oyster aquaculture approach, willsignifi­cantlyreduce bacterioplankton, phytoplankton and organic carbon

in the water column. McManus (1989), recognizing the importance

o
f

bacterioplankton in the Chesapeake, is conducting studies to

determine the rates o
f

bacterivory b
y

protists and micro-metazoans.

Additionally, it continues to b
e important to support thede­velopmentand testing o

f

specific methods for probing the "invis­ible"
microbial world. This discussion began with the suggestion
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that the new understanding o
f

the imponance o
f

microbialhetero­trophswas based, in pan, o
n technical innovations andimprove­ments

in recent years. It seems plausible to suggest that funher

refinements o
f

our knowledge will come from even moresophisti­catedapproaches. Some o
f

these, for example, image analysis and

genetic probes, are a
n immediate prospect while others may only b
e

in early stages o
f

development. Despite the intense competition for

the economic resources to suppon the Bay effons, it may well b
e

imponant to suppon focused effons designed to improve analytical

approaches.
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Introduction

In Chesapeake Bay primary production o
f

organic matter tends

to b
e dominated b
y phytoplankton; such production is autotrophic

in that phytoplankton synthesize their own food from inorganic

nutrients and sunlight. Though autotrophic activity occurs in the

pelagic zone (throughout the water column), it is generally restricted

to the euphotic, o
r

upper, region o
f

the water through which there

is enough light penetration for photosynthesis to occur. Much o
f

the consumption o
f

organic matter, a heterotrophic process, iscon­centrated

a
t

o
r

near the sediment surface ( the benthos) where a great

deal o
f

biological and chemical activity occurs. The variousmecha­nisms

b
y which these pelagic and benthic zones are functionally
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connected have been referred to a
s pathways o
f

benthic- pelagiccou­pling.
It is the dynamic nature o

f

this coupling that influences the

levels o
f

dissolved oxygen in the Chesapeake Bay estuary.

Two major pathways which have received much attention in

recent years include ( 1
)

delivery o
f

particulate organic matter (POM)

from the water column, where it is produced, to the benthos, where

it is stored and consumed; and ( 2
)

decomposition o
f

particulate

organic matter in the benthos and the resulting regeneration and

transport o
f

nutrients from sediments back to the euphotic wne,

where they are assimilated again b
y phytoplankton for primarypro­duction.

In some cases, benthic- pelagic coupling also provides a

means b
y which organic and inorganic materials may b
e transported

horizontally (across salinity and depth gradients) while being used

reciprocally in autotrophic and heterotrophic processes (Kemp and

Boynton 1984; Malone e
t

a
l. 1986).

1

The cumulative effect o
f

complex pathways o
f

benthic- pelagic

coupling o
n dissolved oxygen concentrations in Chesapeake Bay

and other estuaries depends largely o
n physical hydrodynamicpro­cesses

(Boicourt, this volume). For example, density and pressure

gradients, turbulence and internal waves

s
e
t

u
p

b
y wind, tides and

riverflow

a
ll affect the nature o
f

interactions between benthic and

pelagic components o
f

the ecosystem. It is this acute dependence o
f

ecological processes o
n physical transport which distinguishes aquatic

systems, and particularly estuaries, from other major ecosystems.

Figure 1 depicts the principal processes o
f

benthic- pelagiccou­pling
for estuarine ecosystems. Nutrients - in particular, nitrogen,

phosphorus and silicon - enter the estuary each year primarily

during spring runoff/ riverflow and support the new growth o
fphy­toplanktoncommunities. These communities are dominated b

ydia­toms

in spring and flagellated forms in summer (Malone, thisvol­ume).Much o
f

this phytoplankton production o
f

organic matter is

1 On the one hand, the fate o
f

many pollutants entering a
n

estuary likeChesa­peakeBay can b
e controlled b
y the nature o
f

benthic- pelagic couplingmecha­nisms,while o
n the other, these benthic- pelagic interactions may themselves b
e

altered b
y

the introduction o
f

various anthropogenic substances into coastal

waters.



AIR

WATER

SEDIMENT

Figure 1
.

Conceptual diagram depicting three major ecosystem processes o
f

benthic- pelagic coupling in a
n estuarine environment: ( 1
)

deposition o
fpar­ticulate

organic matter (POM); ( 2
)

diffusion o
f

solutes across thesediment­water
interface; ( 3

)

benthic macrofauna! suspension feeding o
n POM inover­lying

waters. Other processes shown include ( I
) plankton trophic interactions

which affict POM deposition; ( 2
)

recycling o
f

dissolved inorganic matter (DIM:

N
,

P
,

S
i)

via planktonic and benthic metabolic processes; ( 3
)

the planktonic

microbial loop mediated b
y

excretion o
f

dissolved organic matter (DOM); and

( 4
)

oxygen exchanges and effects o
n redox- sensitive processes such a
s

nitrifica­tion-

denitrification.
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consumed in the water column b
y zooplankton grazing and b
y

microbial processes which involve dissolved organic matterexcre­tion,
bacterial consumption and protowan grazing Oonas, thisvol­ume).A significant portion o

f

this production may also sink through

the water column and b
e deposited a
s particulate organic matter to

the sediment surface; in general this organic matter will b
e

in the

form o
f

intact diatom cells o
r

zooplankton fecal pellets.

The transfer o
f

planktonic particulate organic matter to the

sediments can b
e facilitated substantially b
y the suspension- feeding

and active pumping o
f

benthic macrofauna, such a
s clams andoys­ters.These invertebrates metabolize organic matter and convert it to

biomass, which is in turn consumed b
y

fish through a variety o
f

pelagic and benthic food chains.

Protozoa, bacteria and metazoan animals- a
s a consequence

o
f

their metabolic consumption o
f

the organic matter produced b
y

phytoplankton - excrete dissolved inorganic nutrients. Thesere­cycled
nutrients are then available to support further growth o

f

phytoplankton.

Nutrient recycling in the planktonic subsystem tends to b
e

rapid, while cycling in the benthos is slower: there are significant

time delays between the large quantities o
f

particulate organicmat­ter
deposition, decomposition and vertical diffusion (recycling) o

f

nutrients back to the overlying water. For example, certain labile o
r

rapidly degraded organic compounds such a
s

sugars, lipids and amino

acids in the particulate organic matter deposited to the sediment

surface are decomposed readily; others such a
s

lignins and cellulose

are more refractory, o
r

resistant to decomposition. Differences in

decomposition o
f

these compounds result in a spectrum o
f

recycling

rates from the benthos. Nutrients contained in the benthicsub­system,

in contrast to the water column, are less susceptible to physical

transport from the estuary to the continental shel£ Thus,deposi­tion

o
f

particulate organic matter to the bottom and the resulting

benthic processes o
f

nutrient recycling represent a mechanism o
f

retaining nutrients which enter the estuary in winter and spring

long enough to support continued phytoplankton production in

summer and

fa
ll

(Kemp and Boynton 1984).
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In the upper portion o
f

the water column, dissolved oxygen is

generated through phytoplankton photosynthesis. Oxygen is also

exchanged b
y

diffusion across the air-water interface, and consumed

in heterotrophic metabolism o
f

bacteria, animals and plants. In the

benthic subsystem and lower portion o
f

the water column, oxygen is

consumed either directly o
r

indirectly b
y most heterotrophicpro­cesses;oxygen can only b

e replenished, however, b
y

verticalex­changewith the upper layer o
f

the water column. Under conditions

o
f

vertical density stratification that occur in late spring andsum­mer,
a strong stratified boundary, o

r
pycnocline, develops between

dense, salty lower waters and lighter, fresh, oxygenated upperwa­ters.
Stratification impedes physical exchange between these layers

(Boicourt, this volume), thus preventing oxygen from reaching the

lower waters and leading to the condition o
f

oxygen depletion, o
r

hypoxia (Kemp and Boynton 1980). While oxygen decline a
s a

result o
f

stratification is a naturally occurring phenomenon in many

estuaries, including portions o
f

Chesapeake Bay, there is widespread

evidence that the process is accentuated b
y

increasing inputs o
f

nutrients from anthropogenic sources (Officer e
t

a
l. 1984).

The trend o
f

increasing anthropogenic nutrient enrichment,

o
r

eutrophication, o
f

coastal waters can significantly affect estuarine

ecosystems b
y several mechanisms which directly involvebenthic­pelagiccoupling. Typically, nutrient enrichment fertilizesphyto­plankton

production and abundance to such a
n extent that the

phytoplankton, o
r

algal, blooms will blanket large surface areas o
f

the Bay. These algae sink to bottom waters, where they

a
redecom­posed

b
y heterotrophic processes which consume oxygen (Malone,

this volume). If bottom water remains oxygenated, higher algalbio­massand production will lead to larger rates o
f

particulate organic

matter deposition, which may result in increased production o
f

such

benthic macrofauna a
s

oysters (Grassle e
t

a
l. 1985). Otherwise, in

regions susceptible to depletion o
f

oxygen in bottom waters,nutri­entenrichment and high production will lead to decreased

macrofauna (Cederwall and Elmgren 1980).

Nutrient fertilization can cause changes in the speciescompo­sitionand trophic structure o
f

plankton communities, which in
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turn affect the rates, timing and quality o
f

particulate organic matter

deposition to the benthos (Smetacek 1984). In fact, it appears that

the proportion o
f

primaryproduction delivered to the benthosactu­ally
decreases with increasing production along a eutrophication

gradient (Oviatt e
t

a
l. 1986). Relative rates o
f

nutrient recycling

from sediments tend to increase with fertilization; this is especially

true for ammonium recycling because nitrification anddenitrifica­tion
- the reduction o

f

nitrate to nitrogen gas - will b
e inhibited

b
y

oxygen limitation under eutrophic conditions. It is likely,there­fore,
that eutrophication results both in shifts between plankton and

benthic food chains and in recycling pathways.

To better understand the role sediments and overlying waters

play in the development o
f

hypoxia and anoxia in Chesapeake Bay,

it is important to characterize spatial and temporal trends for major

benthic- pelagic processes, the factors controlling these processes, and

the effects o
f

eutrophication on them.

During the last five years there have been several activere­searchprograms focusing o
n various aspects o
f

benthic- pelagiccou­pling

in upper Chesapeake Bay (above the Potomac River mouth).

A long term monitoring program (supported b
y the MarylandDe­partment

o
f

Environment) was established in 1984 to measure fluxes

o
f

oxygen and nutrients across the sediment-water interface a
t

ten

permanent sampling stations (Figure 2
)

in the mainstem Bay (4

stations) and in three major tributaries (Patuxent, Potomac and

Choptank rivers- two stations each). Data o
n phytoplanktonpro­ductionand benthic macrofauna abundance are being collected a

t

these stations a
s

part o
f

this monitoring effort. Vertical arrays o
f

fixed sediment traps have also been established a
t

one o
f

thesesta­tions
(M4) in the mainstem Bay. The cross-Bay Chop- Pax transect

o
f

five stations intersecting the sediment trap site was createdsubse­quently

a
s

part o
f

a study o
f

factors regulating seasonal oxygen

depletion in the Chesapeake Bay (see Introduction). In 1987 the

geographic scope o
f

these studies was expanded to include sedi­ment-

water exchanges in the lower Bay and provide data needed for

calibrating water quality models (supported b
y

the U
.

S
.

EPA). In
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Figure 2
.

Map o
f

Maryland portion o
f

Chesapeake Bay showing the location

o
f

sampling stations where benthic- pelagic processes are being measured in the

Maryland Chesapeake Bay Water Quality Monitoring Program.
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addition, a large five- year research program was initiated in 1989 to

investigate the fate and effects o
f

nutrient inputs to estuaries a
s

part

o
f

a new land- margin ecosystem research (LMER) initiative,sup­potted
b
y the National Science Foundation. Information generated

from these diverse research and monitoring programs provides the

primarybasis for this chapter.

Deposition o
f

Particulate Organic Matter

One o
f

the benthic-pelagic interactions most difficult toquan­tify

is the deposition rates o
f

particulate organic matter, largelybe­cause

o
f

problems in interpreting data from sediment traps? ' Panicle

deposition rates have been measured using cylindrical traps that are

deployed in the mesohaline reach o
f

Chesapeake Bay. Seasonalpat­terns
for particle deposition rates are relatively distinct, with three

periods o
f

high sedimentation generally occurring in April, August

and October (Figure

3
)
.

These data, which have not been corrected

for resuspension effects, represent particulate organic carbon (POC)

and total chlorophyll a (Chl) collection rates in traps fixed a
t

9 m
,

which is the nominal depth o
f

the pycnocline. Rates for 198 5
-

1986

show that the broad seasonal trends appear to vary little from year

2

In recent decades, there have been substantial developments in sediment trap

methodologies which have improved our ability to measure particle deposition

in lakes and oceans. Although the altered hydrodynamic flow fields induced b
y

the traps themselves certainly affect particle dynamics around sediment traps

{ Gardner 1979a; Butman 1986; Butman e
t

a
l.

1986), several design features can

minimize these sampling biases. In accordance with recommendations o
f

several

trap analyses in flumes {Gardner 1979a, b
;

Bloesch and Burns 1980; Blomqvist

and Hakanson 1981), sediment traps used in Chesapeake Bay {Boynton e
t

a
l.

1988) have employed a cylindrical shape with a 1
0
:

1 ratio o
f

height to diameter.

In shallow, hydrodynamically active environments such a
s estuaries, resuspension

{ followed b
y

sinking) o
f

bottom sediments ( Oviatt and Nixon 1975) tends to

confound measurements o
f

deposition o
f

autochthonous, newly formedpar­ticles
( e

.
g
.
,

algal cells and ZOO}> lankton fecal pellets). Sediment trap rates o
f

POM settling can b
e

~ orrected for contributions. o
f

resuspended material usi~ g

a pro rata scheme which compares the o
/o organic content o
f

trapped matenal

with those o
f

bottom sediments and suspended material in the surface waters

(Gasith 1975; Taguchi 1982). In addition, rates of total chlorophyll pigment
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to year. Similar interannual consistency o
f

seasonal patterns has also

been reponed for the Kiel Bight region o
f

the southern Baltic Sea

(Smetacek 1984). The spring and summer deposition events are

closely associated with the annual maxima in euphotic zonechloro­phylla concentration and phytoplankton production, respectively.

There is a small increase in chlorophyll a stocks during the summer

period o
f

higher deposition, but not s
o

in the autumn. Thesea­sonal
trends are more pronounced

f
o
r

sedimentation o
f

chlorophyll

a than paniculate organic carbon.

The carbon to chlorophyll ratio ( C
:

Chl) o
f

sedimentedpar­ticulates
varies seasonally in relation to the changing character o

f

deposited material (Figure

3
)
.

The ratio is lower in the spring than

in the summer, possibly indicating a shift in trapped material from

intact algal cells to zooplankton fecal pellets, respectively (Steele and

Baird 1972; Bodungen e
t

a
l. 1981; Forsskahl e
t

a
l. 1982; Smetacek

1984). Indeed, microscopic examination o
f

these materials revealed

that in 1986, 97% o
f

the total mass trapped in April was associated

with centric diatoms, while 76% in August was fecal pellets ( K
.

Sellner, personal communication). The rapid deposition o
f

diatoms

from April to May is consistent with typical life- cycle sequences
f
o
r

diatoms (Smetacek 1985) and may result from incipient siliconlimi­tation
for their growth. The dominance o

f

fecal pellets in the trapped

deposition estimated with sediment traps are less susceptible to resuspension

effects because o
f

the relatively rapid rate o
f

pigment decomposition in bottom

sediments ( e
.

g., Carpenter e
t

a
l. 1986).

Another potential problem with interpreting sediment trap data is thede­composition

o
f

organicJarticles within the traps occurring during thedeploy­ment
period (Honjo a

n Roman 1978; Ducklow e
t

a
l. 1985). In attempting to

rectify this problem, some investigators have added preservatives to the traps to

retard bacterial activities (Knauer e
t

a
l.

1984); however, others have observed

that preservatives can further complicate interpretations b
y causing a
naccumu­lation

o
f

dead invertebrates which swim into the trap (Peterson and Dam 1990).

Experiments have been conducted to test effectiveness o
f

preservatives forsedi­menttraps in Chesapeake Bay. Although Chi rates were unaffected b
ypoison­ing,particulate organic carbon was increased significantly, suggesting artificially

induced mortality o
f

" swimmers" ( Boynton e
t

a
l.
,

unpublished). In general, the

relatively short deployment intervals (4 to 7 days) usea in the Bay sediment trap

studies appear

to b
e sufficient to minimize problems associated withdegrada­tion

o
f

particulate organic matter in traps (Boynton e
t

a
l. 1988).
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Figure 3
.

Annual patterns o
f

chlorophyll a (Chl) stocks and deposition rates

and particulate organic carbon (POC) production and deposition rates in

1985 and 1986 in the mesohaline region o
f

Chesapeake Bay (Boynton e
t

a
l.

1988).
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material in summer is coincident with the timing o
f

maximalzoop­lankton
grazing (Malone, this volume).

In addition, the relative rate a
t

which euphotic zonechloro­phyll
a biomass is depleted via sinking can b

e inferred from the

slope o
f

chlorophyll a deposition versus chlorophyll a stocks (Billen

and Lancellot 1988). Using data in Figure 3 from both years,

statistically significant relationships between chlorophyll adeposi­tionand concentration are obtained for both spring ( r = 0.88) and

summer ( r
2 = 0.70), with the slope

f
o
r

the latter period being twice

that o
f

the former. Evidently, the phytoplankton community turns

over via sinking a
t

a rate o
f

approximately once every 1
4 days in

spring and once every 7 days in summer. In spring, the relatively

ungrazed algal stocks which accumulate with great abundance are

dominated b
y

large diatoms, and even though sinking rates are

high, the algal biomass turns over more slowly. In contrast, the

smaller flagellated cells which predominate in summer are heavily

grazed with less build- u
p

o
f

biomass, s
o that turnover o
f

algal stocks

is faster even though rates o
f

particulate organic matter sinking are

lower. From the perspective o
f

the benthic community, the food

quality o
f

intact diatom cells deposited in the spring probablyex­ceeds
that o

f

the fecal material sedimenting in summer (Marsh and

Tenore 1990).

Although much o
f

the particulate organic matter caught in

sediment traps derives from the sinking o
f

algal cells and fecalpel­letsthat are produced in the overlying euphotic zone, indirectevi­dence
suggests that a considerable fraction is from productionoc­curring

in the shallower regions flanking the main Bay channel. For

example, significant correlations were observed betweenphytoplank­ton
production in both the east and west flanks and sediment trap

collections in the main channel; however, n
o relation was seenbe­tweendeposition and production in the overlying water column

(Malone e
t

a
l. 1986). Sediment traps deployed 1 m above the

sediment surface (20m deep) in the channel collected 5 to 1
0 times

more particulate organic matter than in the pycnocline andeu­photic
zone traps described above (Boynton e

t

a
l. 1988), even though

most o
f

the resuspension o
f

bottom sediments occurs a
t

depths less



160 I Oxygen Dynamics in the Chesapeake Bay

than 1
0 m (Ward 1985). This observation further emphasizes the

importance o
f

lateral transport o
f

resuspended particulate material

from shallow waters flanking the Bay channel to the channelbot­tom.
This process o

f
bottom resuspension and lateral transport to

pycnocline traps could cause serious overestimates o
f

deposition o
f

newly produced ( a
s opposed to resuspended) particulate organic

matter from overlying water. However, such effects would b
eex­pected

to b
e minimal for chlorophyll a
,

because these algal pigments

degrade relatively rapidly o
n the sediment surface and are thus less

available for resuspension. The seasonal patterns o
f

chlorophyll a

deposition estimated with traps and reported in Figure 3
,

therefore,

are probably representative o
f

actual conditions (see footnote

2
)
.

The effects o
f

resuspension o
n estimates o
f

new particulate organic

carbon deposition can b
e corrected b
y the ratio o
f

new: total carbon

deposited estimated by pro rata o
f

the percent o
f

organic carbon in

seston, bottom sediments and trapped particulates ( = [ o
/

oCseston-

o
/

o
C ] [%C -%C ]·

1

bottom trap bottom

)
.

Annual rates o
f

new particulate organic carbon deposition were

estimated for 1985 a
t

the mesohaline Bay trap by applying the

above corrections (factors ranged from 0.4-0.9 over the year), and

these rates compared favorably (within 20%) to particulate organic

carbon deposition calculated from annual chlorophyll a rates,multi­plied

b
y

the C
:

Chl ratio for surface particulates (Boynton e
t

a
l.

1988). In addition, annual rates for deposition o
f

total dry mass,

estimated from the particulate organic carbon rates divided b
y the

%C o
f

surface seston, minus the loss o
f

mass associated withsedi­ment
respiration, were compared to long- term sediment burial rates

obtained from 210Pb analyses (Officer e
t

a
l. 1984). Mean rates for

1985 sediment traps were 0.24 g dry wt cm· 2
y

·
1 compared to 210Pb

rates which ranged from 0.1-0.3 g dry w
t cm· 2
y

·
1

• While these

annual rates have been calculated for comparative purposes and

must b
e considered crude estimates, they d
o lend credibility to the

quantitative aspects o
f

the Chesapeake Bay sediment trap data.Simi­lar
close correspondence between sediment trap and 210Pb estimates
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o
f

eposition have been reponed in lacustrine environments (Bloesch

and Evans 1982).

A preliminary calculation

fo
r

th
e

balance o
f

organic carbon

metabolism in th
e

water column a
t

th
e

mesohaline site o
f

th
e

sedi-

ment traps provides

y
e
t

another test o
f

trap rates with regard to

actual particulate organic carbon deposition. In this analysis,

a
ll

rates

a
re based o
n oxygen measurements convened to carbon,

a
s
-

suming photosynthetic and respiratory quotients o
f

1.2. Previous

measurements (Kemp and Boynton 1980; 1981) a
t

a nearby site (6

m depth) revealed significant correlations between plankton pro-

duction and both

th
e

respiration o
f

th
e

plankton ( r
2 = 0.66) and o
f

th
e

benthic communities ( r
2 = 0.35). These measurements suggest

that production and respiration a
re closely coupled, and th
e

com-

bined slopes o
f

these relations indicate that 85- 90% o
f

th
e

autoch-

thonous production - primaryproduction that occurs in th
e

water

column- is consumed in place.

On time scales o
f

days to weeks, however, particulate organic

carbon deposition is poorly correlated with primary production, and

it is th
e

variability o
f

th
e

respiration- production relationship which

may b
e more important than production alone in determining depo-

smon rates. Using 1986 measurements from the sediment trap

station and subtracting

th
e

upper layer ( 0
-

8 m
)

and lower layer ( 8
-

2
0

m
)

water column respiration rates from this production, a "

r
e
-

sidual" term is left in th
e

carbon budget (Figure 4
)

that corresponds

to
,

th
e

particulate organic carbon available fo
r

deposition to the

sediment surface. I
f this residual, calculated a
t

2
-

4 week intervals, is

compared to sediment trap collection rates

fo
r

the same time peri-

ods, a remarkably close correlation is obtained (slope= 0.94,

r2
=

0.96),

funher supporting

th
e

quantitative robustness o
f

the traps.

Comparisons with Other Systems

Measurements o
f

various aspects o
f

benthic- pelagic coupling

throughout

th
e

world permit comparisons o
f

results with Chesa-

peake Bay. For example, strong correlations a
re evident in a variety

o
f

systems between planktonic primary production (adjusted

fo
r
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depth o
f

th
e upper mixed layer) and annual sedimentation o
f

o
r
-

ganic matter (Figure

S
a

)

(Suess 1980; Hargrave 1984). Annual

data from studies in Chesapeake Bay fi
t

th
e

general pattern and a
re

a
t

th
e

top end o
f

data from shallow systems. In a similar fashion

th
e

percentage o
f

annual primary production that is sedimented appears

to b
e a function o
f

depth (Suess 1980), ranging from a
s much a
s

80% in shallow systems to le
s
s

than 1
%

in th
e

deep ocean. In

systems less than 5
0 m in depth (Figure 5
)
,

proportionally less

organic material sediments from

th
e

water column

p
e
r

unit o
f

pro-

duction than in deeper systems; this is a
n indication o
f

a shift to

more thorough utilization o
f

organic material in the water column.

Again, data from Chesapeake Bay fi
t

this pattern: between 20- 80%

o
f

annual production is sedimented.
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Figure 4
.

Calculated seasonal balance ofi organic carbon gross production,

plankton respiration in the upper layer, and plankton respiration in the lower

layer. The residual is taken a
s production minus upper and lower layerrespi­ration

rates (Kemp e
t

a
L unpublished).
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Summary o
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benthic~ pelagic coupling processes from the literature
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t

a
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t

a
L 1988) presented for
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)
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)

%production sedimented versus water column depth.
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Benthic Metabolism and Nutrient Cycling

Exchanges o
f

solutes across

th
e

sediment-water interface have

been measured routinely in numerous coastal marine environments

(Harrison 1980; Nixon 1981; Nixon and Pilson 1983; Klump and

Manens 1983). Typically, these rates

a
re estimated from changes in

solute concentrations in water enclosed under chambers placed o
n

th
e

sediment surface o
r

in water overlying intact sediment cores

incubated in temperature-controlled laboratories. In principle, total

metabolism o
f

th
e

benthic community

c
a
n

b
e estimated a
s uptake

o
f

oxygen o
r

a
s

efflux o
f

dissolved inorganic carbon ( TCO). Burial

and temporary storage o
f

th
e

end- products o
f

anaerobic respiration

(primarily sulfide) can confound interpretations o
f

oxygen flux a
s

community metabolism. Although only a small fraction (5 to 15%)

o
f

th
e

sulfide formed in sulfate reduction is buried permanently, it is

thought that significant quantities

a
re temporarily stored a
s

iron-

sulfides 00rgensen 1983). This · storage implies that, while instanta-

neous rates o
f

oxygen exchange and community metabolism may

not correspond to one another, integrated annual rates may b
e com-

parable. Indeed, recent analyses indicate that annual rates o
f

sedi-

ment oxygen consumption (SOC), sulfate reduction and dissolved

inorganic carbon efflux compare favorably

fo
r

th
e

mesohalil}e region

o
f

Chesapeake Bay ( E
.

Roden, personal communication).

Sediment W'fzter Fluxes3

Seasonal sequences fo
r

sediment-water fluxes o
f

dissolved oxy-

gen ( 0

2
)
, ammonium (NH,

i)
, nitrate (NO;), silicon (

S
i) and phos-

phate (PO~-) a
re available fo
r

te
n

stations in th
e

upper and middle

Bay and

fo
r

three major tributaries since 1985 (Boynton e
t

a
l. 1988).

Mean patterns fo
r

th
e

upper and middle main Bay stations a
re

summarized in Figure 6
;

they illustrate representative trends in th
e

3 The following discussion focuses o
n information available since 1987 with

r
e
-

gard to seasonal and spatial patterns o
f

solute fluxes across

th
e sediment surface

in upper Chesapeake Bay and

it
s tributaries. Garber {1988) thoroughly

r
e
-

viewed data until 1986.
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Figure 6
.

Composite o
f

annual cycles ( mean± S
.

E.) for sediment- waterex­changes

o
f

oxygen, ammonium, nitrate plus nitrite (N+N), silicate andphos­phate
for 1984- 1988 a

t

two statiom (Sta. M2 and M4, Figure 2
)

in the

main stem o
f

Chesapeake Bay (Boynton e
t

a
l. 1988).
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estuary. Seasonal maxima

f
o

r

dissolved oxygen flux occurred in

May

fo
r

th
e

upper Bay site and in October

fo
r

th
e

mesohaline Bay,

with slightly higher mean annual rates in the upper Bay. The low

rates in August
fo

r

th
e mid Bay were related to the dissolved oxygen

depletion which often prevails a
t

this time. Under anoxia there was,

obviously, n
o

dissolved oxygen flux a
t

the sediment surface, but th
e

sulfide diffusing from sediments to anoxic overlying water consumed

dissolved oxygen a
t

th
e

pycnocline.

Rates o
f

ammonium efflux from sediments

f
o
r

both stations

tended to b
e

highest in August, but annual mean values were 2 to 3

times higher a
t

th
e

mid-Bay site. This seasonal pattern closely

follows that

fo
r

water temperature. In contrast, fluxes o
f

nitrate

(plus nitrite, NO;) were generally directed into

th
e

sediments. How-

ever,

th
e

seasonal patterns differed considerably between

th
e

upper-

and mid-Bay sites: a
t

the upper-Bay site, seasonal mean fluxes ranged

from about - 8
0

to - 1
0 ~mol m
-

2
h
-

1 with n
o apparent relationship

to nitrate concentrations in overlying waters. A
t

the mid-Bay site,

maximum fluxes were about half those observed a
t

th
e

upper Bay

but were clearly related to th
e

pattern o
f

nitrate in overlying waters

with highest fluxes being recorded in th
e

spring and then declining

through th
e

summer period a
s

th
e

nitrate associated with th
e

spring

freshet was depleted. While

th
e

general pattern o
f

nitrate flux a
t

both stations was from water to sediments, there

a
re times o
f

th
e

year when nitrate released from these sediments is indicative o
f

nitrification activity in excess o
f

dentrification.

A
t

th
e

upper-Bay site nitrate release

h
a
s

been frequently ob-

served during summer and

f
a
ll when nitrate concentrations in over-

lying waters

a
re reduced although the magnitude o
f

these fluxes is

not sufficient to change the 1984 to 1988 average from negative to

positive. Positive nitrate fluxes a
t

the mid-Bay site

a
re more sporadic

and seemingly occur whenever

th
e

sediments

a
re

in contact with

oxygenated waters and NO,; concentrations in overlying waters

a
re

relatively low {Boynton and Kemp 1985). These trends insedi-ment-water fluxes o
f

dissolved inorganic nitrogen

a
re similar to those

reported previously

fo
r

Bay sites (Boynton e
t

a
l. 1980; Callender
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and Hammond 1982; Boynton and Kemp 1985).
4

Fluxes o
f

silicon exhibited a bimodal pattern a
t

the upper Bay

site, ranging from about 300 Jlmol m·

2
h

-

1

in the early spring and

summer to around 100 Jlmol m· 2
h

-

1

in th
e

late spring and

f
a

ll
.

In

contrast to this complex pattern, fluxes o
f

silicon a
t

th
e

mid-Bay

s
it
e

exhibited a strong unimodal pattern with highest fluxes observed

following

th
e

completion o
f

the spring diatom bloom but prior to

th
e

annual temperature maxima. Fluxes o
f

silicon a
t

the mid-Bay

site a
re also among th
e

highest observed throughout the Bay system

with some measurements in excess o
f

1000 Jlmol m·

2
h
-

1
•

Sediment

releases o
f

silicon a
t

locations 4
0

km u
p and downstream o
f

th
e

mid-Bay site were significantly smaller, suggesting that the mid Bay

region may b
e

a focal point o
f

diatom deposition fueling the sub-

stantial releases observed.

Net exchanges o
f

phosphate were distinctively different b
e
-

tween sites (Figure

6
)
.

A
t

the low salinity· upper Bay site phosphate

fluxes were always relatively low (< 1
5

Jlmol m· 2
h
-

1
)

and occasionally

were directed into sediments. Average annual values were about 4

Jlmol m·
2

h
-

1
•

Fluxes o
f

this magnitude have little influence o
n

ambient concentrations o
f

phosphate in overlying waters. Fluxes o
f

phosphate a
t

th
e

mid-Bay site were very large during th
e summer

period, averaging about 5
0 Jlmol m·

2
h
-

1
and ranging a

s high a
s 120

Jlmol m·

2
h
-

1
•

A
t

this site fluxes were low whenever bottom water

oxygen concentrations were above 1 to 2 m
g

L
- 1

• It is apparent that

redox conditions o
f

sediments exerted a strong influence o
n

these

phosphate fluxes.

With the exception o
f

oxygen fluxes, sediment-water exchanges

a
t

the mid-Bay site were considerably larger than those a
t

the upper-

Bay location and were, without exception, characterized b
y strong

4
Similar seasonal patterns o

f

ammonium fluxes, with peak rates in mid summer,

have been described

f
o
r

a wide variety o
f

coastal environments. However, in

contrast to th
e

patterns in th
e

Bay, nitrate sediment-water exchanges exhibited a

predominance o
f

effiuxes from sediments throughout the year

f
o
r

most other

sites (Davies 1975; Nixon 1981; Fisher e
t

a
l. 1982; Hopkinson and Wetzel

1982; Flint 1985; Hopkinson 1987).
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unimodal seasonal patterns with peak rates in th
e summer. The

magnitudes and seasonal patterns o
f

oxygen, silicon and phosphate

fluxes

a
re within the ranges o
f

those reponed previously

fo
r

a diver-

sity o
f

coastal marine environments (Nixon 1981; Fisher e
t

a
l. 1982;

Hammond e
t

a
l. 1985; Hopkinson 1987).

In addition to th
e

distinctive seasonal patterns o
f

sediment-

water fluxes, strong spatial variability was also evident. Figure 7

characterizes fluxes o
f

oxygen, nitrate, phosphate, ammonium and

silicate a
t

1
0 stations along

th
e

Bay's longitudinal axis

fo
r

April and

August. August fluxes o
f

phosphate and ammonium,

fo
r

example,

were low in th
e

Bay's upper and lower region, but reached maxima

in th
e

mid region. These high summer fluxes (Figure 3
)

were prob-

ably supponed in pan b
y

th
e

large amounts o
f

organic matter reach-

in
g

the sediment surface from direct deposition o
f

locally produced

organic matter and b
y

horizontal transport o
f

organic matter pro-

duced along

th
e

flanks o
f

th
e

Bay.

The largest fluxes occurred in th
e summer (August) when

dissolved oxygen concentrations

a
re typically low (< 1 m
g

L
- 1

)
. Some

variability is evident in th
e

spatial patterns o
f

nitrate fluxes, but

nitrate fluxes were highest in th
e

upper Bay and decreased seaward.

However, this pattern shifted dramatically between seasons with

fluxes directed into sediments during April - presumably because

o
f

high nitrate concentrations in overlying waters - and out o
f

the

sediments to overlying waters in summer a
s a result o
f

nitrification

exceeding denitrification. Except in the upper Bay, nitrate fluxes

were small in comparison to ammonium fluxes.

Strong seasonal differences in the magnitude and spatial pat-

tern o
f

fluxes fo
r

other nutrients were also observed. For example,

ammonium and phosphate fluxes were quite small in April through-

out th
e

Bay, but were large and exhibited mid-Bay maxima in Au-

gust. Sediment oxygen consumption, o
r

oxygen fluxes, were rather

uniform through

th
e

Bay in April (approximately - 0.7 g
0

2
m·

2
d
-

1
)
,

but tended to b
e higher a
t

the freshwater and ocean ends and de-

pressed in th
e

central Bay regions during summer. Fluxes o
f

silicon

exhibited similarpatterns in spring and summer, differing mainly in

magnitude with summer fluxes being 2 to 5 times larger.
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.

Sediment- water exchanges o
f

oxygen, nitrate plus nitrite ( N + N),

ammonium, phosphate and silicon for April and August 1988 a
t

stations

along the Chesapeake Bay mainstem, from the Susquehanna Flats to Cape

Charles. Vertical arrows indicate range o
f

rates for three stations in a cross- Bay

transect measured in August in mid- and lower-Bay areas (Boynton e
t

a
L

unpublished).
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During August 1988, two additional lateral stations were

sampled in the mid and lower Bay to provide a
n

indication o
f

cross-

bay variation in the magnitude o
f

fluxes. A
s

indicated in Figure 7
,

fluxes o
f

some nutrient species differed considerably between shal-

lower flank and deep stations. Some o
f

these differences can b
e

explained b
y higher oxygen concentrations in overlying waters and

surficial sediments a
t

th
e

lateral stations. Lateral station differences

a
t

th
e

lower Bay transect were not a
s pronounced nor were

th
e

differences in depth and redox conditions o
f

overlying waters and

sediments.

Environmental Factors

A number o
f

environmental factors
a
r
e

potentially important

in regulating sediment-water fluxes in estuarine systems - among

them temperature and redox conditions. In th
e

mid-Bay region

oxygen and ammonium fluxes follow

th
e

seasonal temperature cycle.

Previous studies in th
e

Patuxent River also found strong correlations

between some nutrient fluxes and temperature (Boynton e
t

a
l. 1980).

When a
ll

data from a
ll

stations in th
e

Bay since 1985 were com-

bined, a strong relation was evident between oxygen concentration

in overlying waters and phosphate fluxes. In this case, when oxygen

concentrations in overlying waters were greater than about

1
.5

m
g

L· 1
,

phosphate fluxes were small (being directed either into o
r

out o
f

sediments); only when oxygen concentrations were below

1
.5 mg

L·
1

were phosphate fluxes large, reaching 8
7

f
. lmol m·

2 h· 1
•

Rates o
f

sediment oxygen consumption were also correlated ( though weakly)

with oxygen concentrations in th
e

overlying water (Boynton e
t

a
l.

1988). The fact that there were also low phosphate fluxes observed

under low oxygen conditions indicates that other environmental

variables ( e
.

g
., quality and quantity o
f

organic matter reaching the

sediment surface, macrofauna! composition and abundance)

a
re also

involved in regulating phosphate fluxes.

One measure o
f

th
e

overall strength o
f

benthic-pelagic cou-

pling can b
e found in correlations between water column and sedi-

ment processes. For selected sites in th
e Bay where contemporane-

ous rates were available, annual estimates o
f

sediment oxygen con-
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sumption, o
r

oxygen fluxes,

a
re plotted a
s a function o
f

primary

production in th
e

water column (Figure 8
)
.

In this case, annual

rates o
f

primary production have been divided b
y

th
e

depth o
f

th
e

mixed layer to account fo
r

th
e

potential losses o
f

organic material to

water column respiration (Hargrave 1973). A
s

indicated in Figure

S
a
,

there is a significant positive relationship between these pro-

cesses, which explains about 50% o
f

th
e

observed variability. How-

ever, such simple relationships d
o

n
o
t

appear to exist fo
r

other

sediment fluxes such a
s ammonium (Figure 8b). A
s

was

th
e

case

fo
r

phosphate fluxes, it appears that oxygen conditions in deep waters

and surficial sediments strongly modify what might otherwise b
e a

clear relationship indicative o
f

direct benthic- pelagic coupling. A
t

some sites with oxic overlying water, rates o
f

ammonium releases

may have been lower than anticipated from production in overlying

waters, because o
f

nitrogen losses associated with couplednitrifica-tion-
denitrification. On

th
e

other hand, relatively high ammonium

releases under a range o
f

organic matter loading regimes could result

if the nitrification pathway was inhibited b
y low oxygen conditions

(Kemp e
t

a
l. 1990).

While deposition o
f

autochthonous phytoplankton paniculate

organic matter to th
e

sediments appears to influence annual rates o
f

benthic metabolism ( e
.

g
., Figure

8
)
,

nutrient regeneration from

benthic processes might, in turn, exen reciprocal influence o
n plank-

ton production in overlying waters. Previous studies in Chesapeake

Bay and

it
s tributary estuaries have shown that rates o
f

ammonium

and phosphate release from sediments to overlying waters

a
re quan-

titatively sufficient to suppon 20- 80% o
f

th
e

demands fo
r

phyto-

plankton growth (Callender and Hammond 1982; Kemp and

Boynton 1984; Boynton and Kemp 1985). In general, benthic

recycling o
f

both nitrogen and phosphorus represents larger frac-

tions o
f

respective plankton nutrient requirements in summer than

in spring.

A conceptual model proposed b
y Kemp and Boynton (1984)

suggests that plankton production is supponed primarily b
y inputs

o
f

new nutrients from land in spring and benthic recycling in sum-

mer. They funher postulate that th
e

sequential processes - dis-
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.

Correlations between annual mean phytoplankton productiondi­vided

b
y

the mean depth o
f

the upper mixed water column layer versus ( a
)

annual mean rates o
f

sediment oxygen consumption (SOC) and ( b
)

annual

mean sediment- water exchanges ofammonium. Each point represents adiffer­ent
station in the main stem o

r

tributaries o
f

the Bay (data taken from

Boynton e
t

a
l. 1988 and Sellner e
t

a
L 1988).
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solved nutrient uptake b
y phytoplankton, particulate organic matter

deposition to sediments, benthic decomposition o
f

particulate or-

ganic matter, and nutrient recycling to overlying water- present a

means fo
r

retaining th
e

winter-spring peak o
f

nutrient inputs such

that they

c
a
n

b
e used b
y phytoplankton in th
e summer peak o
f

primaryproduction.

A simple numerical simulation model o
f

th
e

major ecological

processes involved in organic production and nutrient recycling was

used to test this reasoning (Kemp and Randall 1988). Figure 9

summarizes simulation results

fo
r

phytoplankton abundance (mgC

L
-

1
)

in th
e

Bay's mesohaline region under two hypothetical sce-

narios, compared to the nominal base conditions (1986)

fo
r

which

th
e

model was calibrated. In Figure 9
a
,

nutrient inputs from the

land were

s
e
t

to zero, resulting in virtual loss o
f

th
e

spring bloom,

which is evidently supported primarily b
y

" new nutrients" from

external sources. In Figure

9
b
,

vertical exchanges o
f

nutrients from

deep to euphotic waters were restricted in th
e

model; this had the

effect o
f

greatly reducing summer phytoplankton production, which

evidently depends o
n benthic recycling processes. Thus,

th
e

distinct

seasonality o
f

this benthic- pelagic coupling appears to play a strong

role in regulating the magnitude and timing o
f

summer production

(Malone, this volume).

Comparisons with Other Systems

Data

a
re also available to compare plankton production and/

o
r

deposition with benthic metabolic processes and fluxes among a

number o
f

coastal ecosystems. Nixon (1981) found direct evidence

o
f

coupling between sediments and overlying waters b
y comparing

benthic remineralization o
f

carbon - actually, sediment oxygen

consumption - with organic matter supply

f
o
r

a selection o
f

shal-

low estuarine and coastal systems (Figure lOa). Data from Chesa-

peake Bay generally

f
a
ll

within

th
e

range observed

fo
r

other systems,

where a large fraction, approximately 50%, o
f

organic inputs to the

system (primary production plus import o
f

allochthonous material)

a
re metabolized in sediments.

The sites compared in Figure 1 O
a

a
re

a
ll

relatively shallow
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(< 5
0 m), such that depth differences had little effect o
n the rela-

tion. Across a wider depth gradient, however, Harrison (1980)

illustrated that sediment oxygen consumption rates decrease with

water depth, presumably indicating a decrease in the fraction o
f

organic production reaching sediments. There is considerable scat-

t
e
r

in these data (Figure lOb) with the exception o
f

deep ocean sites

where sediment oxygen consumption rates were very low, a
s might

b
e expected. Over

th
e

limited depth range o
f

the Chesapeake Bay

sites, sediment oxygen consumption values varied from close to zero

to 8
0 ml0

2 m
-

2
h
-

1
,

exceeding

th
e

range o
f

values observed from a

variety o
f

other systems. The highest rates

f
o
r

Bay stations corre-

spond to regions o
f

high particulate organic matter deposition. The

low sediment oxygen consumption rates may, however, b
e

related to

low oxygen a
t

some deep water stations in summer.

Harrison ( 1980) also compared sediment ammonium fluxes

across a large depth range (Figure 1

0
)
.

Again, low fluxes were

observed from sites located in waters in excess o
f

1000 m
.

In shal-

lower systems ammonium fluxes were rather uniform with most

being less than 100

!
-
!

mol m
-

2
h
-

1
•

Average fluxes from Chesapeake

Bay exceed

a
ll but two observations from other systems and maxi-

mum values (approximately 1000

!
-
!

mol m
-

2
h
-

1
)

a
r
e

among the high-

e
s
t

yet recorded. While substantial ammonium fluxes have been

found in many areas o
f

th
e

Bay's mainstem and tributaries (Boynton

e
t

a
l. 1988), highest fluxes have consistently been associated with

areas exposed to low redox conditions. In these areas it appears that

most o
f

th
e

patticulate organic nitrogen deposited o
n

th
e

sediment

surface is decomposed to form ammonium, which is recycled back

to the water column rather than being temporarily sequestered in

macrofauna! biomass o
r

lost to nitrogen gas

v
ia couplednitrifica-tion-

denitrification.

Sediment Nitrogen Cycling

Substantial evidence exists that nitrogen is the most important

nutrient limiting growth and biomass accumulation o
f

phytoplank-
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ton in Chesapeake Bay and other coastal waters (Boynton e
t

a
l.

1982; D'Elia e
t

a
l. 1986; Malone e
t

a
l. 1988; Malone, this volume).

Although phosphorus may also b
e

a
n

important limiting nutrient

fo
r

algal growth in spring in oligohaline, o
r

fresher water, sites and

in general o
n

geological time scales (Smith e
t

a
l.

1987), nitrogen

limitation tends to dominate o
n

seasonal and annual scales in most

estuaries. A number o
f

explanations have been postulated

f
o
r

this

pattern o
f

nitrogen limitation in coastal marine systems. One such

explanation is that high rates o
f

loss o
f

fixed nitrogen via denitrifica-

tion in these estuarine environments results in nitrogen deficiency

(Nixon 1981). Previous studies in Chesapeake Bay tributaries sug-

gested that denitrification was indeed a
n important process in their

nitrogen budgets ( Boynton e
t

a
l.

1980; Jenkins and Kemp 1984;

Twilley and Kemp 1986). Furthermore, a recent review o
f

denitri-

fication processes (Seitzinger 1988) indicated that some 50% o
f

th
e

nitrogen inputs from surrounding watersheds was removed through

denitrification a
s nitrogen

g
a
s

( N

2
)
. Nitrogen

g
a
s

is virtually un-

available to phytoplankton fo
r

uptake in estuaries (Day e
t

a
l.

1988).

Numerous studies o
f

estuaries worldwide have demonstrated

th
e

importance o
f

recycled inorganic nitrogen compounds from sedi-

ments to overlying water a
s

a source o
f

nitrogen to support phyto-

plankton growth (Bill e
n 1978; Bla,kburn and Henriksen 1983;

Klump and Martens 1983; Nixon and Pilson 1983; Kemp and

Boynton 1984; Christensen e
t

a
l.

1987). For this reason, research

activities have focused o
n

th
e

relative importance o
f

sediment nitro-

gen cycling in th
e

main stem o
f

Chesapeake Bay.

Seasonal cycles (March through November) o
f

nitrogen fluxes

and transformation processes have been described fo
r

1
0 m and 2
0

m (depth) stations in th
e

Bay's mesohaline region (Figure 2
,

near

station M4). Figure 1
1 summarizes rates

fo
r

the 1
0 m station:

ammonium and nitrate fluxes across

th
e

sediment-water interface

were similar to those shown in Figure 6

fo
r

th
e

mid-Bay station ( 2
0

m depth), where effluxes o
f

ammonium from sediments follow th
e

seasonal temperature cycle, peaking in August; nitrate fluxes

a
re

small except

fo
r

th
e

substantial uptake b
y sediments in spring. In
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contrast, nitrification and denitrification rates were highest in spring

and fall, and they were virtually zero in summer.5

Denitrification measurements probably underestimated actual

rates b
y about 30-60% because deficiencies in th
e

methodology

under high sulfide, low nitrate conditions a
t

these sites (Christensen

e
t

a
l. 1989). The two processes were nonetheless highly correlated

over

th
e

seasons, suggesting that denitrification was probably lim-

ited b
y

nitrate produced in nitrification. Seasonal patterns o
f

nitri-

fication were, in turn, controlled b
y

depth o
f

oxygen penetration

into

th
e

sediments (Kemp e
t

a
l. 1990). Evidently, sediments a
t

these

sites were characterized b
y such high oxygen demand in summer

that the oxygenated nitrification zone in surficial sediments was

negligible (Henriksen and Kemp 1988); this was s
o

even a
t

th
e

shallow station when relatively high oxygen concentrations were

present in the overlying water.

Simple oudgets o
f

nitrogen fluxes and transformations were

developed fo
r

this 1
0 m station in the mesohaline Bay in April,

August and November (Figure 12). In April and November, inputs

o
f

particulate organic nitrogen to th
e

sediment surface fa
r

exceeded

outputs o
f

ammonium and nitrogen

g
a
s

( through denitrification) to
overlying water; this imbalance was further exaggerated b

y

the up-

take o
f

nitrate in April. In August, inputs to and outputs from the

sediments were reasonably well balanced. For

th
e

2
0 m station,

similar nitrogen budgets indicate that efflux o
f

solutes (primarly

ammonium) generally exceeded inputs, especially in summer. The

excess organic nitrogen inputs a
t

th
e

shallow site, compared to th
e

deficiency estimated

fo
r

the deeper site, represents further indirect

evidence

f
o
r

bedload transport o
f

particulate organic matter from

shallow to deep areas o
f

th
e

Bay. These budgets also emphasize

th
e

relatively reduced role o
f

nitrification and denitrification (calculated

b
y budgeting the nitrate pools) compared to ammonium regenera-

tion to overlying water, where

th
e

former constitutes only

1
0
-

20%

o
f

th
e

latter (Kemp e
t

a
l. 1990).

5
These nitrogen transformation processes were measured b

y

inhibitor techniques

(N Serve [ Henriksen e
t

a
l. 1981] and acetylene [S0rensen 1978], respectively).
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April

Figure 12. Budgets o
f

nitrogen tramformation processes and net exchanges

across the sediment- water interface for three periods a
t a shallow (1 0 m)

station in the mesohaline region ofChesapeake Bay {Kemp eta/ 1989). Rates

are in units o
f

mmoles N m-2d- 1
•

Nitrogen pools comidered include:particu­late
organic N (PON); ammonium, nitrate, dinitrogen gas and macrofauna

biomass (Mj).
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Recent measurements o
f

nitrification and denitrification, a
s

well a
s

nitrate and ammonium fluxes, a
t

stations

a
ll along the main

salinity gradient o
f

the Bay (Kemp unpublished), indicate somewhat

different seasonal patterns for upper- and lower-Bay stations. Rates

in the upper Bay were relatively high throughout the year, while

nitrification (and associated denitrification) rates a
t

the more saline

stations appeared to b
e limited b
y low ammonium concentrations

in late spring and summer. Preliminary time-space integratedesti­mates

o
f

denitrification for the whole main stem Bay suggest that

nitrogen losses ( i. e
., nitrogen gas through denitrification) account

for only 2
5

to 30% o
f

the nitrogen inputs from the watershed. This

is in contrast to the general pattern reponed b
y

Seitzinger (1988),

where denitrification appeared to account for 50% ( o
r

more) loss o
f

a
ll nitrogen inputs to various estuaries. It appears that this relatively

reduced imponance o
f

denitrification in the main Bay results from

the decreased availability o
f

dissolved oxygen in summer to support

nitrification. When hypoxic conditions become chronic, normalni­trogenprocessing in sediments is suppressed and ammonium release

predominates. This has the effect o
f

reinforcing the hypoxiccondi­tions

b
y

further supporting the cycle o
f

algal production inoverly­ing
waters, followed b

y

particulate organic matter deposition and

consumption a
s

well a
s oxygen depletion from bottom waters.

We can summarize pelagic-benthic nitrogen cycling a
t

the 2
0

m mesohaline station site b
y comparing rates o
f

nitrogenincorpora­tion

in phytoplankton growth to rates o
f

organic nitrogendeposi­tion

to the sediments to rates o
f ammonium return from sediment

processes back to the overlying water (Table

1
)
.

Mean data are

provided for the period April to November from 1985 to 1987.

Peak rates o
f

organic nitrogen production occurred in mid summer,

while deposition averaged over 1 to 2 month periods was relatively

constant. A
s

reported for other coastal sites, seasonality o
fammo­nium

regeneration from sediments corresponded closely to that for

production (Kelly and Nixon 1984; Wassmann 1984). Deposition

ranged from about 3
0

to 80% o
f

production, and regeneration

accounted for 40 to 210% o
f

deposition. The overall averages o
f

the four monthly mean rates suggest that 40% o
f

the organic nitro-
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Table 1
.

Summary o
f

major benthic-pelagic exchanges o
f

nitrogen over a
n annual

cycle in the mesohaline region o
f

Chesapeake Bay: production and depositon o
f

particulate organic nitrogen ( PON) and benthic regeneration o
f

ammonium.

Plankton PON Net PON Benthic NH~

Months Production• Depositionb Regeneration<

(mg N m·

2
d
-

1
)

(mg N m·

2
d
-

1
) %Prod (mg N m·

2
d
-

1
) % Dep

Apr-May 189 8
9

4
7

3
8

4
3

Jun 238 8
1

3
4

118 146

Aug 334 8
6

2
6 182 212

Oct- Nov 143 110 7
7

7
3

6
6

Totals 904 366 4
0 411 112

• Data adapted from Sellner e
t

a
l. 1988.

b Data adapted from Boynton

e
t

a
l. 1988.

c Does not include nitrogen loss

v
ia denitrification.

gen production is deposited. Regeneration averaged more than 110%

o
f

the deposition, possibly indicating additional sources o
f

organic

nitrogen inputs to sediments such a
s lateral transpon o
f

resuspended

material along the bottom.

Interactions Between Phytoplankton

· and Benthic Macrofauna

Benthic invenebrate macrofauna are imponant components

in coastal marine ecosystems such a
s Chesapeake Bay. Theseorgan­isms

constitute key food sources

f
o
r

many commercial finfish,in­cluding
striped bass, spot, flounder, white perch and a

s valuable

fisheries in themselves, in panicular, blue crabs, oysters and soft

clams. The soft bottom habitats o
f

the Bay

a
re dominated b
ypoly­chaeteworms and various bivalves (clams, for example} with crusta-
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cean amphipods also quantitatively imponant in some regions a
t

different times o
f

the year. Although other suspension- feeding

macrofauna which attach to hard substrates- for instance, oysters,

hydroids and barnacles- may have been dominant forms o
f

benthic

biomass in previous times, they now appear to b
e

o
f

secondary

imponance because o
f

the generally impoverished oyster beds

(Gerritsen e
t

a
l. 1988).

Seasonal trends o
f

macrofauna biomass and numericalabun­dances
have been described for the upper and middle Bay's muddy

and sandy sediment habitats (Holland 1988). While numerical

abundances are similar for

a
ll areas, peak biomass values are a
n order

o
f

magnitude higher in the upper Bay because o
f

the densepopula­tions

o
f

molluscs (Holland e
t

a
l. 1977). Similar patterns have been

described

fo
r

several major tributaries o
f

the Bay which have also

been studied extensively (Holland 1988). The imponance o
f

polychaetes increases down the Bay especially in muddy sediments.

In fact, macrofauna! communities are dominated b
y

large polychaetes

in the polyhaline regions o
f

the estuary (R Diaz and L
.

Schaffner

personal communication).

Seasonal maxima in macro faunal abundance occur in June for

most areas o
f

the upper and middle Bay, followed b
y a precipitous

decline in abundance and biomass with the onset o
f

low oxygen

conditions in summer, especially a
t

the deeper muddy habitats.Vari­ous
explanations have been postulated

f
o
r

the July decline. Anoxia,

per

s
e
,

is probably responsible a
t

the deep (greater than 9 m)sta­tions,while intensified predation in the shallower regions above the

pycnoclin~ (Holland e
t

a
l. 1980) may account

f
o
r

the summer

macrofauna! declines there (Kemp and Boynton 1981). With the

crash o
f

the spring diatom bloom in May (Malone, this volume),

the marked decline in particulate organic matter deposition (Figure

3
)

may also result in food limitations for the benthos in some areas

o
f

the Bay (Marsh and Tenore 1990). The higher carbon tonitro­gen
( C

:

N
)

and carbon to chlorophyll a ( C
:

Chl) ratios o
f

paniculate

organic matter deposited in summer indicate a lower nutritional

content o
f

food available to suppon benthic macrofauna after June

(Christensen and Kanneworff 1985; Gardner e
t

a
l. 1989).



184 I Oxygen Dynamics in the Chesapeake Bay

Feeding guilds o
f

benthic macrofauna grade sharply frompre­dominantly
"head up" feeders, for example, the clam Macoma balthica

and the polychaetes Nereis succinea in the upper and middle Bay to

predominantly " head down" feeders, for example, the polychaete

Macroclymene zona/ is in the lower Bay; predatory forms are more

important in sandy sediments o
f

the middle and lower Bay (Hol­land1988). This transition in predominance o
f

head- u
p

tohead­downmacrofauna! feeding types roughly parallels the decreasing

organic content and increasing redox conditions o
f

sediments from

the upper-middle to lower Bay. Presumably, low redox conditions

and relatively high rates o
f

particulate organic matter deposition in

the northern regions o
f

the Bay favor infaunal species which respire

in the overlying water and feed a
t

the sediment-water interface. In

contrast, the lower inputs o
f

particulate organic matter to sediments

o
f

the lower Bay select

fo
r

animals capable o
f

reworking the organic

pools in the relatively oxidized sediments Uumars and Fauchald

1977).

To the extent that food availability limits growth o
f

benthic

animals, expectations are that o
n broad time and space scalesbio­massand secondary production o

f

macrofauna would b
e directly

proportional to deposition rates o
f

particulate organic matter from

overlying waters to sediments (Rowe 1971; 1985; Parsons e
t

a
l.

1979; Josefson e
t

a
l. 1987; Grebmeier e
t

a
l. 1988). In Chesapeake

Bay, contemporaneous seasonal data for particulate deposition ( i. e
.,

sediment traps) and benthic biomass are available for only one

mesohaline site (Figure 2
,

Sta M4); however, o
n

seasonal time scales

n
o significant correlation between particulate organic matterdeposi­tionand benthic biomass could b

e found

fo
r

this station. The

absence o
f

a relationship here is largely a consequence o
f

thesea­sonal
loss o

f

benthic macrofauna associated with oxygen depletion

from bottom waters (Holland e
t

a
l. 1977; Kemp and Boynton 1981).

Therefore, it would b
e more likely to find a relationship between

plankton deposition and benthic biomass b
y comparing seasonal o
r

annual mean values among different stations with similar seasonal

patterns o
f

dissolved oxygen.

Since there is only one sediment trap site in Chesapeake Bay,
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it is impossible to make spatial comparisons o

f

relations between

macrofauna! abundance and particulate organic matter deposition.

Contemporaneous measurements are available, however,

f
o

rphyto­planktonproduction and abundance a
s

chlorophyll a (Sellnerper­sonal
communication) and biomass o

f

benthic macrofauna (Hol­land
personal communication) a

t

several stations in the mainstem

and tributaries o
f

the Bay. Statistically significant correlations were

observed between annual mean biomass o
f

polychaetes (g ash free

dry weight m
-

2
) and euphotic zone chlorophyll a (mg m

-

2
) in spring

among these Bay sites when the benthic data were partitioned to

separate stations experiencing summer hypoxia o
r

anoxia in bottom

waters (Figure 13). The slope o
f

the relation

f
o
r

the hypoxicsta­tions

is
,

however, a
n order o
f

magnitude less than that for the oxic

stations, indicating the stress effects o
f

seasonal oxygen depletion on

the metazoan benthic community (Kemp and Boynton 1981). No
significant correlation was observed between values for benthic

macrofauna and phytoplankton abundance in summer. Theab­sence

o
f

such relations emphasizes the importance o
f

the spring

deposition events in supporting these benthic populations (Parsons

e
t

a
l. 1979; Townsend and Cammen 1988).

In the above analysis, the other main group o
f

organismscom­posing
the majority o

f

benthic biomass in Chesapeake Bay- bivalves

- was purposely omitted from the macrofauna because theseani­mals,which are primarily suspension feeders,

a
re not just passive

recipients o
f

particulate organic matter deposition. In fact, their

active grazing can directly reduce plankton abundance andproduc­tion
(Officer e

t

a
l. 1982; Cloern 1982). When the biomass o
f

sus­pension-

feeding bivalves is compared with plankton abundance and

production, the patterns are quite different than those

fo
r

polychaetes

(Figure 14). Note that the independent variable ( x
-

axis) has been

reversed between Figures 1
3 and 1
4

to emphasize a shift in the

dominant direction o
f

causality. An inverse relationship between

spring biomass o
f

bivalves and annual mean values o
f

euphotic- zone

chlorophyll a and phytoplankton production was obtained

fo
r

the

monitoring stations which d
o not experience seasonal anoxia. This

pattern suggests that phytoplankton

a
re unaffected b
y

bivalve abun-
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dance for most stations in the middle to lower regions o
f

the Bay

and

it
s tributaries, whereas phytoplankton

a
re markedly reduced a
t

the upper estuarine stations (mainstem Bay, Patuxent and Potomac

rivers) which support abundant clam populations. Light limitation

o
n

algal growth may also contribute to low phytoplanktonabun­dance

in low salinity Bay regions.

Previous analyses o
f

the impact o
f

the asiatic clam, Corbicula

jluminea, o
n phytoplankton in the upper Potomac River estuary b
y

Cohen e
t

a
l.

( 1984) have reported similar inverse relations between

plankton and clam abundances. These investigators have alsodem­onstratedexperimentally the ability o
f

the animals to dramatically

graze plankton from the water column. While the invasion o
f

this

exotic species into the upper Potomac may represent a
n unusual

event, recent calculations (Gerritsen 1988; Gerritsen e
t

a
l. 1988)

suggest that clam populations in the fresh water regions o
f

other

tributaries a
s

well a
s

the mainstem Bay are sufficient to significantly

reduce phytoplankton abundance.

Prior to the latter part o
f

the nineteenth century, the largest

population o
f

suspension- feeding animals in Chesapeake Bay was

probably the American oyster, Crassostrea virginica. Intensivehar­vesting

o
f

oysters since the turn o
f

the century and more recently,

disease has resulted in dramatic ( 100-fold) declines in theirabun­dancethroughout the Bay (Kennedy and Breisch 1981). Newell

(1988) has, therefore, postulated that the significant decrease in

grazing b
y

oyster populations across the Bay is responsible for much

o
f

the increase in phytoplankton biomass since the 1930s which has

otherwise been attributed to eutrophication o
f

this estuary (Boynton

e
t

a
l. 1982; Officer e
t

a
l. 1984). Because clam abundances are s
o

large in the upper Bay regions, it is difficult to ascertain whether the

total activity o
f

suspension- feeding benthic macrofauna has decreased

with the decline o
f

oysters (Gerritson e
t

a
l. 1988). I
t

is clear,how­ever,
that spatial distributions o

f

suspension- feeders have changed

significantly. An important consideration is the effect o
f

reef-form­ing
animals like oysters o

n the increasing transport o
f

plankton to

the bottom b
y

reducing the height o
f

the benthic boundary layer

(Frechette e
t

a
l. 1989). On the other hand, increased recycling o
f
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nutrients and consumption o
f

oxygen associated with themetabo­lism
o
f

suspension feeding benthic animals themselves and with

their fecal and pseudofecal matter (see Jordan 1985) could serve to

stimulate phytoplankton growth and oxygen depletion duringsum­mer
(Doering e

t

a
l. 1927). Thus, it remains a
n open question a
s

to

the ultimate effect o
f

shifts in abundance o
f

suspension- feeding

benthic macrofauna o
n the " greening" o
f

the Bay with increased

phytoplankton and/ o
r

the depletion o
f

oxygen from

it
s bottomwa­ters.

Comparisons ofMacrofauna/ Interactions with Other Systems

Parsons e
t

a
l. (1979) have reponed a clear relationshipbe­tween

spring biomass o
f

phytoplankton and peak macrofauna!abun­dance
across a wide range o

f

coastal marine environments (Figure

15). Presumably, this kind o
f

correlation would b
e even stronger if

rates ( i. e
., particulate organic matter deposition and macrofauna!
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a for various marine sites reported in the literature (Parsons e
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a
L 1979), with

values for annual means and ranges from Chesapeake Bay (Holland 1988;

Sellner e
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a
l. 1988) presented for comparisons.
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production) were compared rather than stocks, though such data are

rarely available for annual cycles a
t

a given site. No significant

relation from these data was obtained when summer phytoplankton

biomass were considered instead o
f

spring values ( B
.

Hargraveper­sonalcommunication). Other investigators have emphasized the

importance o
f

the spring diatom bloom a
s the primary source o
f

food to sustain growth and recruitment o
f

benthic macrofauna in

temperate marine regions ( Graf e
t

a
l. 1982; 1983; Hargrave and

Phillips 1986). The importance o
f

the spring bloom in providing

large quantities o
f

high quality food for the benthos lies in the fact

that much o
f

this spring bloom is deposited a
s intact, ungrazed

diatoms {Smetacek 1984). In fact, Townsend and Cammen (1988)

have postulated that the relative magnitude o
f

benthic invertebrate

production and associated success o
f

juvenile demersal fishrecruit­ment

fo
r

a given year in the Gulf o
f

Maine depends o
n the timing

o
f

the spring bloom, where maximum deposition and recruitment

success occur for early blooms which precede the period o
f

intense

zooplankton grazing. Indeed, sinking particulate organic matter has

maximum nutritional value for growth o
f

benthic animals when

dominated b
y intact diatoms (Christensen and Kanneworf 1985;

Gardner e
t

a
l. 1989).

In nutrient- rich stratified coastal systems such a
s Chesapeake

Bay, the seasonal depletion o
f

oxygen from bottom waters in late

spring to early summer complicates this relation betweenphyto­planktonand benthic macrofauna ( e
.

g
., Figure 13). The mean and

range o
f

spring values for phytoplankton chlorophyll a and

macrofauna biomass a
t

a
ll Chesapeake Bay stations (see Figure 2
)

are also plotted o
n Figure 15. Given the relatively high chlorophyll

a levels in the Bay, mean macrofauna biomass is much less than

expected from the relation. This deficiency in the abundance o
f

Chesapeake Bay macrofauna, compared with the highphytoplank­ton
production, again emphasizes the negative effects o

feutrophica­tionand associated oxygen depletion from the Bay's bottom waters.

Nixon (1988) recently pointed out the relatively low rate o
f

fisheries yield per unit primary production for fresh waterecosys­temscompared to coastal marine regions. Previous studies have

e
s
-
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tablished strong correlative relations between nutrient loading and

phytoplankton production (Schindler 1981) and between benthic

macrofauna! abundance and fisheries yields for various lakes. Nixon

(1988) attributed this pattern o
f

higher relative fish yields per unit

primary production in marine ecosystems to the seasonal anoxia in

bottom waters o
f

most temperate lakes compared to the oxicbot­tomwaters o
f

most tidally mixed estuaries. However, in estuaries

such a
s

Chesapeake Bay which undergo seasonal anoxia, thisreason­ing
implies that demersal fisheries may also b

e significantly depressed,

due to the impact o
f

anoxia o
n benthic- pelagic coupling.

Role o
f

Benthic and Pelagic Processes

in Oxygen Depletion

During spring in the mesohaline region o
f

the Chesapeake

Bay main stem, vertical stratification o
f

the water column combines

with springtime warming and the deposition and consumption o
f

the diatom bloom to produce a rapid decline in oxygenconcentra­tion

in the bottom waters (Taft e
t

a
l. 1980; Malone, this volume).

Similar patterns o
f

seasonal anoxia have been reported for numerous

coastal marine systems (Richards 1965; May 1973; ]0rgensen 1980;

Falkowski e
t

a
l. 1980; Caumette e
t

a
l. 1983). Vertical density

stratification, which reduces the exchange o
f

oxygen between the

upper and lower layers o
f

the water column, plays a key role in this

phenomenon (Turner e
t

a
l. 1987). Therefore, meteorological and

hydrological processes strongly influence the magnitude o
f

anoxic

events in Chesapeake Bay (Seliger e
t

a
l. 1985; Seliger and Boggs

1988; Boicourt, this volume). However, it is the production,depo­sitionand consumption o
f

organic matter which fuels this process

each year (Malone e
t

a
l. 1986). In principle, the elevated inputs o
f

nutrients in eutrophic coastal ecosystems could increase the spatial

and temporal dimensions o
f

bottom water anoxia b
y

increasing algal

production (Boynton e
t

a
l. 1982; Malone e
t

a
l. 1988). Recent

evidence suggests that this may b
e the case for Chesapeake Bay

(Officer e
t

a
l. 1984), and ecosystem simulation modeling studies
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corroborate the rationale for this relationship (Kemp and Randall

1988).

The mean and range o
f

time delays between organicproduc­tion
in the upper layers and subsequent consumption (andassoci­ated

oxygen depletion) in the lower water column and benthos are

poorly understood. How much organic production is carried over

between seasons and years to support subsequent consumptionpro­cesses?This question is important from a management standpoint

because o
f

a need to know how rapidly oxygen concentrations and

related ecological processes will respond to controls o
neutrophica­tion.

Understanding how total oxygen consumption is dividedbe­tweenplanktonic and benthic processes would provide somein­sightson this question because there tends to b
e a more rapid

coupling between production and planktonic respiration thanbe­tween
production and benthic respiration (Oviatt e

t

a
l. 1986). A

portion o
f

the benthic metabolism o
f

coastal marine systemsin­volvescomplex sequences o
f

microbial and geochemical processes

which may require considerable time to complete (Berner 1980). In

addition, the relative contributions o
f

biological processes (produc­tion,
respiration) and physical processes (stratification, transport) to

oxygen depletion is o
f

concern to managers because most control

measures for eutrophication ( e
.

g
.
,

reduced nutrient inputs) involve

only the biological factors.

Both planktonic and benthic respiration processes in the Bay

increase rapidly with vernal warming in spring. The rate o
f

increase

between March and 1une is more rapid for planktonic respiration,

peaking in early 1uly compared to a
n early August maximum for

benthic oxygen consumption (Kemp unpublished data). Pre-incu­bation
filtration experiments indicated that most o

f

the plankton

respiration in bottom waters was associated with bacteria andproto­zoa(<
3 J

.

Lm) Oonas, this volume). Similar microbial dominance o
f

planktonic respiration has been reported

fo
r

other coastal systems

(Williams 1981; Hopkinson e
t

a
l. 1989). The high August rates

associated with the benthos actually occur in the water column a
t

the pycnocline (oxycline) via oxidation o
f

sulfides produced in sul-
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fate reduction and diffusing from sediments to overlying water ( e
.

g
.
,

lndrebo e
t

a
l. 1979; Dyrssen 1986): These rates o
f

sulfide effiux

from sediments d
o not occur until several days after oxygen has

been depleted from bottom waters. Considering the mean depth o
f

the bottom layer in this region o
f

the Bay, the relative magnitudes

o
f

benthic and planktonic rates can b
e compared over the spring

summer period (Figure 16a). Although benthic rates exceededplank­tonic
rates in early April and late August in 1986,

f
o
r

most o
f

this

period planktonic respiration was 1.5 to 2 times greater.

The magnitude o
f

physical transport processes in the seasonal

budget o
f

oxygen is more difficult to ascertain (Boicourt, thisvol­ume).
However, rates can b

e inferred from careful analysis o
fbud­gets

o
f

oxygen inputs to and outputs from the upper and lower

layers o
f

a
n average square meter o
f

water column in the mesohaline

region ( e
.

g
., Kemp and Boynton 1980). For the present analysis o
f

1986 data, it was assumed that net longitudinal exchanges o
f

oxygen

were negligible in the upper layer (Kemp, unpublished data). This

assumption is supported b
y

the absence o
f

any consistentlongi­tudinalgradient o
f

oxygen content ( a
s

o
/ o saturation) o
f

the surface

waters. Vertical exchange between layers was then calculated a
s

the

difference between observed rates o
f

change in oxygen and those

calculated a
s the sum o
f

a
ll measured rates. Horizontal oxygen

transport was, however, allowed in the budget

f
o
r

the bottom layer

(Kuo and Neilson 1987), and net rates were calculated a
s above, b
y

difference. Table 2 summarizesdetails o
f

these calculations

fo
r

April,

May and August. By way o
f

a
n independent check, the fact that

calculated rates o
f

vertical and horizontal oxygen transport were

significantly correlated ( r
2 > 0.60) to their respective oxygencon­centration

gradients lends credibility to this indirect approach.

For purposes o
f

comparing biological and physical processes,

monthly means for the algebraic sum o
f

oxygen fluxes associated

with physical transport were plotted against mean total respiration

rates for the bottom layer from March to October in 1986. It can

b
e seen that respiration exceeds oxygen replenishment b
y

physical

transport

fo
r

most o
f

the spring and early summer, but especially in
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Table 2
.

Summary balance of oxygen fluxes (g0
2

m· 2d- 1
)

for upper and lower

layers o
f

water column in the mesohaline reach o
f

Chesapeake Bay during Spring

and Summer.

Water Column Layer

Oxygen Fluxes

Upper Layer:

April

Production• +5.4

Plankton Respirationb -3.0

Air-Water Exchange< - 1.2

Temporal Change 0

X
-

Pycnocline Exchanged -1.2

Lower Layer:

X
-

Pycnocline Exchanged + 1.2

Plankton Respiration -1.3

Benthic Respiration< -0.5

Temporal Change -0.8

Net Horizontal Exchangef -0.1

May August

+6.8 +9.4

-4.3 -5.3

-1.2 -1.2

-0.1 -0.3

-1.4 - 3.2

+1.2 +3.2

-2.2 -1.9

-0.9 -1.6

-0.6 0

+1.1 +0.8

• Gross 0
2

production estimated from net daytime (apparent) production plus half o
f

the dark respiration (assuming day and night respiration rates are equal and 1
2 h

daylight).

b Dark respiration

o
f whole water; assumes upper layer height of 8 m and mean depth

o
f

lower layer equal

to

6

m
,

except

in

August when lower layer

is

anoxic and pycnocline

thickness o
f

3 m is used.

c Assumes air- water exchange coefficient equal

to

1.0 g0
2

m·

2
h
-

1

a
t 100% saturation deficit

(Kemp and Boynton 1980); did mean% 0
2

saturation taken a
t

105%.

d Net 0
2

exchange across pycnocline estimated

a
s residual term

in

upper layer 0
2

balance.

c Benthic 0
2

consumption estimated a
s mean o
f

rates measured a
t 10m and 20m depth;

rates a
t

2
0 m include sulfide efflux in August.

f Net longitudinal 0
2

exchange estimated a
s

residual term in lower layer 0
2

balance.
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April (Figure 16b). During most o
f

the year, the balance between

physical and biological processes does not stray

f
a

r

from the 1
:

1 line,

which is intersected in July and continually exceeded until October.

These data illustrate the fact that biological and physicalpro­cesses
o
f

oxygen transformation and transpon are poised in near

balance throughout the period from spring to autumn. This is not

surprising because o
f

the interdependence o
f

the two kinds o
fpro­cesses.

Physical transpon depends o
n concentration gradients which

are created only b
y

biological processes. On the other hand, a
t

low

concentrations o
f

oxygen, biological processes follow first- orderki­neticsand

a
re directly proponional to the rate o
f

physical transport

o
f

oxygen. This balance is analogous to that in the diffusion-reac­tionmodel which characterizes many biogeochemical processes.

In summary, w
e find that planktonic respiration isquantita­tivelymore imponant than benthic processes for most o

f

the spring

period o
f

declining bottom water oxygen. Benthic respiration

is
,

however, more significant a
t

the beginning and end o
f

the anoxia

period. Biological consumption o
f

oxygen in the bottom layer is

reasonably balanced with physical replenishment processesthrough­out
the period between March and October, such that small changes

in either could have marked effects o
n the magnitude and timing o
f

seasonal anoxia. Numerical ecosystem modeling studies o
f

this

system have illustrated the imponance o
f

this balance betweenbio­logical
and physical processes: in the absence o

f

venical wind mixing

in summer, anoxia persisted until November, while removal o
fex­ternal

nutrient inputs results in vinual elimination o
f

anoxia within

one year (Kemp and Randall 1988).

Effects o
f

Eutrophication o
n Benthic-Pelagic Coupling

Limnologists have long recognized that

fo
r many lakes, the

process o
f

continual nutrient enrichment is pan o
f

a naturalse­quence

in the long- term history o
f

these aquatic ecosystems

(Hutchinson 1974). It is well documented that the anthropogenic

acceleration o
f

this process - that

is
,

nutrient enrichment in river

flow and airborne deposition - tends to produce a range o
f

dra-
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matic changes in the structure and function o
f

lake ecosystems,

including depletion o
f

bottom water oxygen, losses o
f

submersed

vascular plants and alterations in food chains and associated fisheries

( e
.

g
.
,

Edmondson 1969; Lehman 1988). In contrast,

f
o

r

coastal

marine ecosystems evidence has been scant that eutrophication is a

natural biogeochemical process, though there is growing recognition

that the widespread pattern o
f

rapidly increasing anthropogenicnu­trient
inputs to coastal marine waters is resulting in pronounced

alterations o
f

organism abundances and ecological interactions (Nixon

e
t

a
l. 1986).

Indirect evidence exists that in Chesapeake Bay responses o
f

ecological processes to changes in nutrient loading from thesur­roundingwatershed may b
e

relatively more pronounced than

f
o
r

many other estuaries. In fact, significant positive relationshipsbe­tween
rates o

f

phytoplankton production and nitrogen inputs

(Boynton e
t

a
l. 1982) were observed both

f
o
r

Chesapeake Bay and

it
s tributaries and for a variety o
f

other estuaries combined together

(Figure 17a). We have postulated that the higher production per

unit nutrient inputs in the Bay may indicate greater retention and

recycling o
f

these inputs (Kemp and Boynton 1984). Since most o
f

the other estuaries in Figure 17a are vertically well mixed, it can b
e

inferred that the efficient trapping o
f

particles in the Bay's two- layer

gravitational circulation may b
e

a
n important factor (Boicourt, this

volume). Evidently, this nutrient retention occurs a
t

interannual

time scales (Boynton e
t

a
l. 1982). For instance, a significantcorre­lationbetween river flow, the primary source o

f

nutrients to the

Bay, and phytoplankton was observed only when a two-yearrun­ningmean flow was used, implying a residual effect o
f

one year's

nutrient inputs o
n the next year's production (Figure 17b) (Sellner

personal communication). Because this same physical mechanism

o
f

vertical stratification which evidently leads to enhanced nutrient

retention, also contributes to reduced reoxidation o
f

bottom waters,

estuaries such a
s the Chesapeake may b
e more susceptible toin­creased

anoxia in response to eutrophication.

While we have already described several observed o
rpostu­latedchanges in Chesapeake Bay's benthic- pelagic interactions which



800
~ ( a

)

Estuarine Production vs. N
-

Loading
'>

,

C
\ 1

E 600
0

-
Ol

c

0
400 •~

(.)

:: J
" 0

e

a
.
.

200
a

c
o

c
:
:J Other Estuaries

c

<(

0

0 20 40 6
0

Nitrogen Loading (gN m-2 y
-

1
)

2.5

C
b
}

J ( b
)

Production vs. River Flow ( 2
-

Y
r

Mean)

E •
0 2.0

-
Ol

c

0

n 1.5

:: J
" 0

e

a
..

c 1.0

.8
..
:.
::

c

c
o

0
::
:

0.5

20 2
5

3
0

3
5 40 45

River Flow ( 2
-

Y
r

Mean. cfs)

Figure 11. Phytoplankton production versus nutrient loading from river flow:

( a
)

annual production versus nitrogen loading rates for Chesapeake Bay and

other estuaries (Boynton e
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might b
e attributable to eutrophication, here we summarize these

relationships between coastal eutrophication and benthic- pelagiccou­plings
in a

n integrated framework. Our discussion focuses on the

following major mechanisms b
y which nutrient enrichment might

alter key processes o
f

benthic- pelagic coupling: ( 1
)

effects o
nplank­ton

trophic dynamics and resulting particulate organic matterdepo­sition;
( 2

)

effects o
n benthic macrofauna! abundance and demersal

fisheries; ( 3
)

effects o
n rates and temporal scales ofbenthicregenera­tion

processes. The causal connections and pathways b
y which

these mechanisms occur can b
e illustrated b
y

referring back to the

conceptual scheme presented in Figure 1
.

Planktonic Food- Chains and Particulate Organic

Matter Deposition

Particulate organic matter can sink from the upper watercol­umntoward the sediment surface in a number o
f

forms: a
s

intact

algal cells; a
s zooplankton fecal pellets; a
s

carcasses o
f

dead animals;

and a
s

miscellaneous plant debris. The deposition o
f

particulate

organic matter from overlying water to sediments can occur via

passive sinking o
r

through the active pumping b
y benthicsuspen­sion

feeders. A
s

suggested in Figure 1
,

the two primarypathways o
f

passive sinking, a
s

algal cells o
r

zooplankton feces, are regulated b
y

the magnitude o
f

primaryproduction and b
y trophic interactions in

the plankton community.

Hargrave (1973) reported benthic community metabolism ~ a
s

significantly correlated with the ratio o
f

primary production to mixed

layer depth; this correlation was characterized b
y a power function

(exponent = 0.39)

f
o
r

a variety o
f

coastal sites. The fact that the

exponent o
f

this relation is less than unity implies that a
s primary

production over the mixed layer increases ( a
s might b
e the case with

eutrophication), the relative importance o
f

benthic metabolism in

consuming that production decreases. Here, it is assumed that

benthic metabolism is directly proportional to particulate organic

matter deposition, with n
o change in the fraction buried. This

same pattern o
f

decreasing proportion o
f

total oxygen consumption

b
y benthic - compared with planktonic - processes was seen



200 I Oxygen Dynamics in the Chesapeake Bay

along a
n experimental nutrient enrichment gradient in the MERL

mesocosms (Oviatt e
t

a
l. 1986). 6

In addition, a similar relation was

also evident over a
n annual cycle in the Georgia Bight, where benthic

respiration was proportionately less important relative to planktonic

respiration during periods o
f

peak production (Hopkinson 1987).

Several investigators have suggested that the specific nature o
f

plankton trophic interactions can greatly affect the quantity and

quality o
f

particulate organic matter deposition to the benthos in

coastal ecosystems (Smetacek 1984). For example, Hargrave (1973)

postulated that such a pattern (described in previous paragraph)

might b
e attributable to the fact that zooplankton communities

were more efficient in consuming the relatively dense assemblages o
f

phytoplankton characterizing eutrophic waters. Alternatively, any

increase in the importance o
f

bacterial and protozoan respiratory

consumption o
f

organic matter would result in a relative reduction

in particulate organic matter deposition (Williams 1981}, whilein­creasedgrazing b
y certain gelatinous zooplankton might lead to

increases in deposition (Andersen and Nival 1988}.

Benthic Macrofauna and Demersal Fisheries

Although eutrophication o
f

coastal waters may result in a
n

increase in the relative proportion o
f

phytoplankton productioncon­sumed

b
y planktonic a
s opposed to benthic processes, the absolute

rates o
f

particulate organic matter deposition will increase witheu­trophication.

In systems with vertically well mixed water columns,

this increase in organic food available to the benthos would support

greater growth o
f

macroinvertebrates and demersal fish ( e
.

g
.
,

Figure

13a}. Indeed, higher abundance o
f

benthic macrofauna (especially

polychaetes} was observed in response to fertilization in thewell­mixed
overlying water columns o

f

the MERL mesocsosms (Grassle

6
The Marine Ecosystem Research Laboratory ( MERL) is a facility located a

t

the

University o
f Rhode Island designed around fourteen cylindrical mesocosms

(5.5 m in depth and 1.8 m in diameter). These mesocosms are set u
p and

maintained a
s experimental ecosystems, and are used to conduct studies on the

behavior o
f

natural systems and their response to perturbations.
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1985). However, in estuarine regions with vertically stratified water

columns, increased phytoplankton production associated witheu­trophicationcan lead to oxygen depletion, resulting in a decrease o
f

benthic animals. In the Baltic Sea, for instance, increased algalpro­ductionand deposition between the 1930s and the 1970s,pre­sumed

to b
e associated with eutrophication, resulted in different

changes in benthic macrofauna! abundance within different depth

regimes. The shallow regions not subject to hypoxia experienced

macrofauna! increases, while in the deeper parts o
f

the Baltic

macrofauna decreased during this time (Cederwall and Elmgren

1980). Likewise, because much o
f

Chesapeake Bay is vertically

stratified, it is reasonable to assume that benthic macrofauna!pro­duction

is inhibited in some regions and that the continuing trends

o
f

increasing eutrophication will lead to further losses o
f

production

fo
r

benthic invertebrates and associated demersal fisheries.

Rates and Temporal Scales o
f

Benthic Nutrient Recycling

Each year nutrient inputs to temperate estuaries such a
sChesa­peakeBay directly support organic production in the spring and

indirectly support, through benthic recycling processes, continued

high production in the summer. It is the benthic recyclingpro­cesseswhich provide nutrients for most o
f

the estuary's production

in the warmer seasons (Kemp and Boynton 1984). For nitrogen,

high rates o
f

benthic recycling lead to large, rapidly exchanging

sediment pools o
f

ammonium in summer. If oxygen is available, a

substantial portion o
f

this ammonium will b
e oxidized to nitrate,

which is in turn reduced to nitrogen gas ( N
2

) by nitrifying and

denitrifying bacteria, respectively. Thus, high rates o
f

nitrification­denitrification
will occur in summer but only under conditiom o

f

oxygenated bottom waters. For many coastal ecosystems withwell­mixedwater columns, approximately half o
f

the nitrogen entering

from the watershed is transformed a
s

nitrogen gas via

nitrification­denitrification
processes (Seitzinger 1988). For stratified eutrophic

estuaries such a
s portions o
f

the upper Chesapeake Bay, whichexpe­rience
severe hypoxia in bottom waters, this coupled

nitrification­denitrification
process is inhibited because o

f

the lack o
f

oxygen in
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bottom waters (Kemp e
t

a
l. 1990). A
s

a consequence, less than

30% o
f

the nitrogen inputs to the mainstem Bay are removed a
s

nitrogen gas. Therefore, while increased rates o
f

nitrogen loading to

the Chesapeake Bay have contributed to expanding eutrophication

effects, associated hypoxic conditions appear to b
e resulting in a
n

inhibition o
f

nitrification and denitrification, which has the positive

feedback effect o
f

further stimulating the eutrophication process b
y

increasing the retention and recycling o
f

ammonium to support

more phytoplankton production in summer.

Recent evidence suggests that interannual variations in benthic

metabolic processes are proportional to changes in nutrient inputs

to the Bay. Long- term records for these important ecologicalpro­cesses
are not available to compare, for example, rates prior toEuro­pean
settlement with twentieth century rates. However, because

river flow, which is the primary source o
f

nutrients to the Bay,

varies markedly from year to year, correlations between river flow

and ecological processes during modern times can b
e used to infer

relations over longer time-scales. For example, for the
s
ix years o
f

data for which summer rates o
f

benthic phosphorus recycling were

available in the lower Patuxent River estuary, there was a significant

relation to river flow in the preceding spring (Figure 18). Similarly,

a continual decrease in rates o
f

sediment oxygen consumptionob­servedthroughout the Bay main stem between 1985 and 1988

(Figure 19a) might b
e interpreted a
s a response to changes inplank­tonproduction. In fact, river inputs o

f

nutrients in 1984 were

among the highest on record, while the following four years were

characterized b
y

severe drought conditions with relatively littlenu­trient
delivery to the Bay. One interpretation o

f

this pattern is that a

residual nutrient pool from inputs in 1984 contributed to recycling

o
f

nutrients in 1985 (Figure 17) to support relatively high plankton

production (Malone e
t

a
l. 1988) and benthic communitymetabo­lism

(Figure 19b, c
)

in 1985. Consistent with this interpretation is

the fact that despite the extremely low riverflow in 1985, bottom

water anoxia in the mesohaline Bay was more severe in that year

than in subsequent years (1986- 1988), again suggesting a residual

effect from 1984.
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This concept that processes o
f

benthic- pelagic coupling can b
e

affected in one year b
y nutrient inputs from previous years has

significant implications for strategies to manage nutrient wastein­puts
to the Bay. It is important to understand the extent to which

manifestations from past eutrophication will continue to b
eexperi­enced

in the future even after reductions in nutrient inputs. Direct

experiments have shown that particulate organic matter inputs to

sediments will continue to produce high rates o
f

benthicmetabo­lismand nutrient recycling
fo

r
several months but are generally

dissipated to pre-treatment background levels in less than a year

(Kelly and Nixon 1984; Rudnick and Oviatt 1986). These direct

relationships between nutrient inputs in a given year and benthic

recycling processes within that year o
r

the next (Figures 1
8 and 19)

suggest that most o
f

the effects o
f

nutrient loading are not retained

for more than a year o
r

two. I
t is still unclear, however, what is the

extent to which small amounts o
f

organic matter - retained m

.
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Figure 19. ( a
)

Annual mean rates ofsediment oxygen consumption (SOC) a
t

a station in the Chesapeake Bay main stem near the mouth o
f

the Potomac

River for 1985-1988; ( b
)

co" elation between SOC and river flow for each

year; ( c
)

co" elation between SOC and two- year running mean o
f

river flow in

given year and that in previous year.
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sediments over decades and decomposing a
t

slow rates - cancon­tribute
to the long term benthic process o

f

oxygen consumption and

nutrient recycling. With increasing eutrophication, the proportion

o
f

particulate organic matter deposition which is buried may well

mcrease.

Research Needs and Management Implications

During the last decade a great deal has been learnedconcern­ing
benthic- pelagic coupling in coastal and estuarine systemsinclud­ing
Chesapeake Bay. A

s
is generally the case, the results nowavail­able

pose additional specific questions that should b
e addressed to

further our understanding and ability to predict aspects o
f

estuarine

ecosystem dynamics.

Research Needs

A
t

this time there is considerable uncertainty with regard to

relations between plankton trophic dynamics and deposition rates

o
f

particulate organic matter. For example, our currentunderstand­ing

is that the spring bloom in the central regions o
f

the Bay largely

sinks a
s intact cells with little exposure to grazing in the water

column. In contrast, summer phytoplankton stocks appear heavily

grazed and large percentages o
f

organic production

a
re metabolized

in the water column. The reasons for and implications o
f

this

seasonal shift are not clear. Secondly, it is uncertain how much o
f

the deposited organic material is incorporated into benthic

macrofaunal biomass o
r how important benthic food webs are to

fisheries production. There is evidence which suggests that some

benthic macrofaunal communities are food limited (Marsh and

Tenore 1990) even in this relatively food- rich system and thatpre­dation

is a
n important factor regulating benthic communities (Hol­land

e
t

a
l. 1980). Many potential interactions between benthic

nutrient cycling and the eutrophication process remain unclearal­though
there are tantalizing hints to the effect that strong positive

and negative feedback mechanisms ( i. e
.
,

destabilizing andstabiliz­ing,
respectively) dominate along the eutrophication gradient.
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Explaining such phenomena will require a diversity o
ftech­niques.Experience in recent years has clearly indicated the value o

f

generating long- term data sets collected a
t

appropriate time scales.

Such data sets are invaluable in developing understanding o
flink­agesbetween system components and external factors believed to

force the system. Due to climatic variability natural experiments are

often contained within such data sets. In terms o
f

developing clear

linkages between benthic and pelagic system components andbe­tween
external forcings such a

s
nutrient loading and benthiccom­ponents,

it now appears that favoring more measurements a
t

alim­itednumber o
f

locations provides more useful information than a

strategy that emphasizes spatial a
t

the expense o
f

temporal coverage.

Secondly, utilization o
f

improved technologies such a
s remote

sensing and in- situ moorings designed to record selectedenviron­mentalconditions would vastly improve our ability to determine

the proper spatial and temporal scales, respectively,
fo

r
study. It is

possible to infer some cause-effect linkages from

in
-

situ field studies

and this has been the approach most frequently taken in studies in

the Bay. Ecosystem simulation modeling, done in conjunction with

such field studies, has proven to b
e a useful tool for integrating our

understanding o
f

community dynamics. Furthermore, there has been

considerable success in using a variety o
f

mesocosms a
s

tools for

conducting experimental ecosystem studies and this approach isca­pable

o
f

efficiently yielding many more insights o
n mechanisms

controlling ecosystem processes. Finally, sufficient data are now

available in both the published and gray literature to supportinten­siveand reasonably detailed comparative studies o
f

benthic- pelagic

couplings among widely varying coastal ecosystems.

Management Implications

The natural two- layer circulation o
f

Chesapeake Bay waters

creates conditions which favor the retention o
f

nutrients inparticu­late
forms, allowing this plant foodstuff to b

e efficiently used and

reused before being buried, lost to gaseous forms o
r

exported to the

sea. The resulting high production o
f

phytoplankton is a major

factor contributing to anoxia during the warmer months each year.
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This two- layer water flow in the Bay also separates upper and lower

layers o
f

the water column, effectively reducing the ability o
f

oxygen

to b
e transported from the atmosphere to the bottom waters and

leading to depletion o
f

oxygen ( i. e
., anoxia). Thus, this two- layer

circulation, which is common in many other estuaries around the

world, but particularly effective in Chesapeake Bay, makes the Bay

very susceptible to the effects o
f

nutrient enrichment o
n bottom

water anoxia.

The processes b
y which particulate organic foods aredepos­ited

from the water column to the sediments are regulated b
y

the

nature o
f

the planktonic food-chains, which are, in turn, controlled

b
y

the extent o
f

nutrient enrichment in Chesapeake Bay. Any

increases o
r

decreases in nutrient inputs to the Bay are likely to

significantly alter this process and result in shifts between therela­tive
importance o

f

fisheries production b
y

demersal species ( e
.

g
.
,

rockfish, weakfish, blue crabs) versus plankton based species (men­haden,
bluefish). Any increases in particulate organic matterdeposi­tion

will also contribute to greater depletion o
f

oxygen from bottom

waters.

In comparison with other coastal ecosystems, the relativepro­duction

o
f

benthic animals per unit algal production appears to b
e

markedly inhibited in many regions o
f

the Bay b
y

the seasonal

anoxia. Presumably, this process has affected also the production o
f

key demersal fisheries, which are presently below their potential.

Conversely, indirect evidence suggests that the exploitation o
fim­portantsuspension- feeding benthic animals (especially the oyster)

may have contributed to the accumulation o
f

phytoplanktonbio­massand the resulting reduction o
f

Bay water clarity. Thishypo­thetical
relation needs further analysis before being translated into

management strategies.

While nitrogen enrichment o
f

Bay waters has contributed over

recent decades to it
s eutrophication, this effect is mitigated b
y

the

natural bacterial processes o
f

nitrification and denitrification, which

transform nitrogen from useable forms (ammonium, nitrate) toun­usable
forms (dinitrogen gas) for estuarine phytoplankton. The

coupled process o
f

nitrification- denitrification is presently inhibited
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b

y hypoxic conditions during summer in many regions o
f

the Bay.

This amounts to a " positive feedback loop" in the Bay, wherenitro­gen
enrichment leads to increased algal production, which leads to

more anoxia which leads to less denitrification which leads to more

nitrogen recycling, which leads to more algal production, which

leads to more anoxia, and s
o on. Considering this relation in the

inverse, even small reductions in nitrogen inputs to the Bay might

lead to relatively large reversals o
f

the eutrophication process b
y

restoring nitrification- denitrification.

Strong evidence indicates that there is a residual effect o
fnu­trient

inputs to the Bay which operates o
n time scales o
f

months to

one o
r

two years. In this case, physical processes o
f

paniclereten­tionand relatively slow (compared to the water column) benthic

processes o
f

nutrient recycling combine to create a lag between

nutrient inputs and some o
f

the resulting primary production which

is supported b
y those inputs. It appears that relatively high nutrient

inputs during a high riverflow year support relatively high rates o
f

primary production and benthic oxygen consumption in thefollow­ing
year. Most o

f

these nutrients are not, however, retained in the

estuary, such that ecological processes will respond rapidly toreduc­tions

in nutrient inputs. The question o
f

whether a small residual

effect can influence Bay ecology and for how long is central to

predicting the impact o
f

reducing nutrient loading to the estuary.

All o
f

these mechanisms b
y which processes o
f

benthic- pelagic

coupling may affect the water quality and living resources o
f

the Bay

need to b
e taken into account in the development o
f

models o
f

water quality and ecosystem processes to predict the outcome o
f

management strategies for improving environmental conditions in

Chesapeake Bay.
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Conclusion

It is clear from the four chapters presented in this volume that

our knowledge o
f

the processes responsible for the creation and

maintenance o
f

the deep-water low dissolved oxygen phenomenon

in Chesapeake Bay has greatly improved over the past few years. Yet

a
s new scientific insights into the dynamics o
f

the Bay emerge, new

questions also arise. For example, because the introduction o
f

fresh

water into the Bay during the spring freshet is responsible fornutri­ent
delivery a

s well a
s

for setting up the stratified conditions in the

Bay, clarifying the relative importance o
f

each factor remains adiffi­cult
endeavor.

We now are aware that while oxygen consumption occursfun­damentally
through biochemical mechanisms, the cumulative effect

o
f

these processes tends to b
e modulated b
y

the phenomenon o
f

physical stratification. Analysis o
f

available data tends to support the

conceptual framework that stratification inhibits oxygen supply to

the lower-layer waters o
f

the Bay. However, a
s has been pointed out

in this book, this first- order model is subject to modifications that

result from nonlinear, biochemical controls. In fact, biochemical

controls are probably o
f

key importance for establishing trends in

the magnitude o
f

the Bay's oxygen depletion in both time and space

scales.

Further research into the details o
f

small scale (spatial and

temporal) physical phenomena and processes, and the enhancement
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o
f

our ability to integrate these quantitative descriptions into a
n

interacting, synergistic system, needs to b
e undenaken. Evidence

has also been presented that interannual variation in summer anoxia

is the result o
f

climatic factors governing precipitation in thewater­shed,consequential fresh water inflow, nutrient loading andcircula­tion.A clearer understanding o
f

how changes, over time, in the

patterns o
f

watershed use (such a
s

deforestation) have influenced

runoff, erosion (sediment transpon) and nutrient inputs to the Bay

system will provide a better assessment o
f

the relative impacts o
f

natural versus anthropogenic events o
n ecosystem function.

Our understanding o
f

the interaction between nutrients and

biota in the Bay has also increased significantly. Observed patterns

o
f

nutrient distribution and recycling suggest that annualphytoplank­tonproduction within the Bay is nitrogen- limited. On smaller

temporal and spatial scales phosphorus o
r

silicon can b
e limiting,

especially in spring, when nitrogen input concentrations are high.

Recycled nutrients support the major portion o
f

this annual

production.

Observation o
f

seasonal variations in phytoplankton nutrient

status, a
s well a
s phytoplankton and zooplankton abundance, imply

a seasonal panitioning o
f

phytoplankton production amongmicro­bialand metazoan food webs. Microbial abundance and activity in

the Bay are extremely high during the periods o
f

peakphytoplank­tonbiomass and productivity, and this " microbial loop" cycles much

o
f

the Bay's organic material a
t

these times. Yet the mechanisms

that govern this partitioning o
f

phytoplankton production among

microbial and metazoan food webs remain unclear.

One o
f

the most important results o
f

the research described in

this volume has been the realization that the heterotrophicmicro­bialcomponent o
f

the Bay's ecosystem plays a major role inregulat­ingwater quality and oxygen dynamics. Bacterially mediatedde­composition

o
f

organic material in the water column is sufficient a
t

most times to account for observed oxygen demands. However, the

specific sources, and concentrations, o
f

bacterially labile organic

matter in the Bay are not totally known. In addition, it is not clear
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whether the relationships which have been identified in the Bay

proper also exist in the major tributaries.

Clearly, there is a need for long timeseries data sets. Analysis

o
f

these data sets will provide the first indications o
f

whether the

Bay is responding to present and future management strategies. Just

a
s importantly, these data will help provide insight into thedistinc­tionbetween natural processes and anthropogenic alterations in the

environment. Additionally, the use o
f

other techniques such a
spa­leoecology,remote sensing, mesocosm studies, and stable isotope

analysis hold promise for providing further important information

necessary for the understanding (and management) o
f

Chesapeake

Bay.

From a management perspective, one o
f

the most important

conclusions o
f

this analysis is that nutrient inputs, primarily from

nonpoint sources delivered to the Bay b
y

the Susquehanna River,

support a
n accumulation o
f

phytoplankton biomass that is in excess

o
f

the aerobic, oxygen assimilation capacity o
f

the Bay under

current conditions o
f

climate and watershed use. That

is
,

most o
f

the Bay appears to b
e " nutrient saturated" o
r

"organically

saturated."

This conclusion implies that nutrient loading reductions may

not b
e reflected in improved water quality (such a
s

increased deep

water oxygen) until nutrient inputs are reduced to some unknown

level. This "level" is probably not constant because o
f

interannual

changes in climatic factors, such a
s precipitation, mixing events o
r

storms, and patterns o
f

watershed use, a
s well a
s

"feedback" factors

such a
s enhanced denitrification, which could result from improved

dissolved oxygen conditions. Secondly, because o
f

the Bay'svari­ability,improvements in water quality may not b
e readilydiscern­ible

for several years following the implementation o
f

a particular

management practice. (This despite the finding that the Bay, a
s a

whole, does not have a long " nutrient memory," and that annual

inputs are generally utilized within a year.) Some o
f

the highest

priorities for new research include better understanding o
f

feedback

and time lags.
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Because o
f

this potential " lag" in separating a real trend from

inherent system " noise," cost- effective management practices must

either proceed slowly o
r

must b
e

increasingly dependent o
n

the

application o
f

empirical and theoretical models. Empiricalobserva­tion

o
f

ecosystem function and the development o
f

sound ecosystem

theory are thus critical to the development o
f

ecologically andeco­nomicallysound management schemes.

Nutrient management decisions intended to target the

mesohaline reach o
f

the Bay should b
e based o
n

criteria that reflect

the relationships between nutrient input (not concentration),phy­toplanktonbiomass (not productivity), and the temporal and spatial

extent o
f

oxygen depletion. It should also b
e recognized thataccu­mulations

o
f

phytoplankton biomass which fuel oxygen depletion in

this region o
f

the Bay appear to b
e more responsive to nitrogen

loading (and possibly silica inputs) than to phosphorus loading.

Increased reductions in phosphorus inputs due to nutrient control

strategies may, however, move the system towards phosphorus

limitation.

Finally, nutrient enrichment appears to affect the nature o
f

the planktonic food-chain within the water column, that

is
,

the

relative imponance o
f

microbial versus metazoan pathways. These

trophic pathways in turn dictate the mechanisms b
y whichpanicu­lateorganic material is deposited to the sediment. Consequently,

alteration in nutrient inputs can result in a shift in the food chains

which suppon higher trophic levels (with implications for fishery

production), and in the relative imponance o
f

demersal o
r

bottom

feeding fish and shellfish versus plankton- based species. Increased

organic input to the benthos, in the absence o
f

benthic consumers,

may contribute to greater depletion o
f

oxygen from the bottom

waters. Ultimately, such inputs will adversely impact the fisheries

dependent o
n such benthic habitats.



Glossary

Algae. A group o
f

non-vascular

aquatic plants, most o
f which have

chlorophyll; often referred tointer­changeably

a
s phytoplankton.

Allochthonous. Referring toparticu­late
material produced outside apar­ticular

ecosystem ( e
.

g
.
,

oak leaves

falling into a Bay tributary) andim­ported
into the system; a

s opposed

to autochthonous material.

Anoxia. The absence o
f

dissolved

oxygen in the aquatic environment.

Anthropogenic. Referring to thein­fluence
of human beings o

n

the

en­vironment.

Autocthonous. Referring toparticu­late
material produced within a

des­ignated
ecosystem ( e

.
g
.
,

phytoplank­tonproduction) a
s opposed to

allocthonous material.

Autotrophic processes. Referring to

biochemical processes which

f
t
x the

sun's energy, resulting inmanufac­tured
organic compounds fromin­organic

substances ( e
.

g
.
,

photosyn­thesis).

Bacterivores. Organisms which feed

primarily o
n bacteria ( e
.

g
.
,

many

members o
f

the protozoa).

Bacterioplankton. Free livingbac­teria

in the water column.

Benthic organisms. The organisms

living in o
r

o
n

the bottom o
f

aquatic

environments; includes bacteria,

seagrasses, worms, oysters. Referred
to collectively a
s members o
f

the

benthos.

Benthic-pelagic coupling. Referring

to the functionary interconnections

and pathways through which energy

and organic material are transferred

between the pelagic ecosystem and

the benthic ecosystem.

Biomass. The mass o
f

living matter

within a given area per volume of

the environment; often referred to

interchangeably a
s standing crop.

Biochemical oxygen demand

(BOD). A measure of the oxygen

required b
y

aerobic organisms and

chemical reactions within a

particu­lar
environment, o

r

environmental

sample.

Carnivores. Consumers o
f

prima­rily
animal matter.

Chlorophyll a
. A group o
f

green

pigments found in plant cells that

are active in harnessing energy
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Chesapeake Bay

during photosynthesis; often used a
s

a measure o
r

index o
f

phytoplankton

biomass.

Chop-Pax transect. An east- west

sampling transect across the

Chesapeake Bay extending from the

Choptank to the Patuxent rivers.

Diatom. Major phytoplankton

group enclosed within secreted

silicon frustules, o
r

shells;

repre­sentatives

o
f

the taxa

Bacillario­phyceae.

Dinoflagellates. Major
phyto­planktongroup possessing flagella,

o
r

whip- like swimming-structures;

representatives o
f

the taxa

Dino­phyceae.

Ecology. The science o
f

the

inter­action

o
f

organisms with their

environment.

Ecosystem. The system created b
y

the interaction o
f

a community o
f

organisms with their environment.

Estuary. A semi-enclosed body o
f

water which has free connection

with the open sea and within which

sea water is measurably diluted b
y

freshwater.

Euphotic zone. The vertical region

o
f

the water column through which

sufficient sunlight can penetrate for

photosynthesis to occur.

Eutrophic. Refers to aquatic

environments which are

charac­terized

a
s relatively productive, that

is
,

they exhibit high concentrations

o
f

nutrients; a
s opposed tooligo­trophic.

Eutrophication. The processin­volving
overenrichment withnu­trients

in aquatic ecosystems:

initially may involve increased

productivity but with continued

enrichment will eventually result in

deteriorating environmental quality.

Food chain. Refers to the flow o
f

energy linearly through a
n ecosystem

from ecological level to ecological

level ( i. e., phytoplankton to
zooplankton).

Food web. Refers to the flow o
f

energy through a
n

ecosystem via

successive steps o
r

trophic levels ( i. e
.
,

organism A to organism B); often

this flow o
f

energy is not strictly

linear.

Freshet. The large spring pulse o
f

fresh water entering the Chesapeake

Bay generally resulting from spring

rains and snow melt.

Halodine. The vertical gradient in

water column salt concentration



commonly found in estuaries; a

physical manifestation o
f

the typical

two- layer circulation found in

Chesapeake Bay.

Herbivores. Consumers o
f

primarily

phytoplankton o
r

other plant

material.

Heterotrophic processes. Referring

to the processes through which

organic matter is broken down,

thereby releasing energy for growth

and metabolism.

Hypoxia. The presence o
f

very low

dissolved oxygen in the aquatic

environment; usually considered to

b
e

dissolved oxygen concentrations

ranging between 2 to 0 mg0
2 L

-
1
•

Labile organic matter. Organic

material which is relatively easy to

breakdown via heterotrophic

processes; a
s

opposed to refractory

organic matter.

Macrobenthos. Benthic organisms

generally larger than one millimeter.

Macroplankton. Plankton ranging

in size between 20 and 200

micrometers.

Meiobenthos. Benthic organisms

ranging in size between 1 0
0

to 1000

micrometers.
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Mesohaline. An estuarine

environ­ment
having a salt content between

5 and 20 parts per thousand.

Microbenthos. Benthic organisms

ranging in size between 1 and 100

micrometers.

Microplankton. Plankton ranging in

size between 2
0 and 200

miCrom­eters.

Nannoplankton. Plankton ranging

in size between 2 and 2
0

microm­eters.

Nutrients. Inorganic chemical

species required for growth; major

nutrients necessary for

phyto­planktongrowth includeni­trogen,phosphorus, carbon and

silicon.

Nutrient loading. The amount o
f

a

particular nutrient which isintro­duced
into a

n ecosystem over a given

time period ( k
g

y
r
- 1

)
.

Oligohaline. An estuarine

environ­ment
having a salt content between

0
.5 and 5 parts per thousand.

Oligotrophic. Refers to aquatic

environments which are

charac­terized

a
s

relatively unproductive,

that

is
,

impoverished in nutrients;

a
s opposed to eutrophic.
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Pelagic organisms. The organisms

living within the water column o
f

aquatic environments; includesbac­teria,
phytoplankton, zooplankton,

fish.

Photosynthesis. The autotrophic

process where light energy is used

to derive energy rich organiccom­poundsfrom inorganic building

blocks.

Polyhaline. An estuarine

environ­ment
having a salt content between

2
0 and 3
5 parts per thousand.

Primary producers. Organisms such

a
s phytoplankton and seagrasses

which are autotrophic.

Primary production. The amount

o
f

organic matter produced via the

primary producers; often referred to

interchangeably a
s plant biomass.

Primary productivity. Primarypro­duction
( i. e

.
,

plant biomass)pro­duced
within a given volume, o

r

under a given area, per unit time

( e
.

g
.
,

gC m
-

3
d
-

1

o
r mgC m-

2
d
-

1
)
.

Pycnocline. The region o
f

thewa­tercolumn characterized b
y a large

vertical gradient in density;com­monlyfound in estuaries, it is a

manifestation o
f

the typicaltwo­layer
circulation found inChesa­peake
Bay.

Refractory o
r

organic matter.Re­ferring

to organic matter which is

relatively resistant to biochemical

breakdown; a
s opposed to labileor­ganic

material.

Salinity. The weight in grams o
f

dis­solved
salts in one kilogram o

f

es­tuarine/
sea water; usually expressed

a
s parts per thousand.

Turbidity. A term used to describe

the degree o
f

transparency o
r

opaqueness produced b
y suspended

particulate matter in the watercol­umn.
Two- layer circulation. The
circula­tion

pattern characteristic o
f

many

estuaries where freshwater flowsto­ward
the sea and over the · denser

seawater flowing u
p the estuary.

Mixing occurs between these layers

throughout the estuary.

Zooplankton. Diverse group o
f

minute animals. that freely drift in

the water,
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Low Dissolved Oxygen Research Projects

The following list includes only Sea Grant projects supponed

b
y pass-through funds orginating from a Chesapeake Bayappropria­tion

to the National Oceanic and Atmospheric Administration.Ad­ditional
projects supponed b

y core Maryland and Virginia Sea Grant

funds are not listed. We include only those projects which focus on

the mechanisms responsible for, and the maintenance

o
f, thehy­poxic/

anoxic bottom water phenomenon in Chesapeake Bay. Other

research projects dealing with the effect o
f

the low dissolved oxygen

water in ecologically and economically important species have also

been funded but are not listed here.

Title: Chesapeake Bay Dissolved Oxygen Dynamics: Roles o
f

Phytoplankton and Microheterotrophs

Duration: 1985- 8
7

Principal Investigators: Robert B
.

Jonas and Thomas C
.

Malone

Title: Relative Roles o
f

Benthic v
s
.

Pelagic Oxygen- Consuming Processes

in Establishing and Maintaining Anoxia in Chesapeake Bay

Duration: 198 5
-

8
6

Principal Investigators: W. Michael Kemp and Walter R
.

Boynton

Title: The Role o
f

Heterotrophic Bacteria in Generating and

Maintaining Anoxia in Chesapeake Bay

Duration: 1
9 8 5
-

8
6

Principal Investigator: Hugh W. Ducklow

Title: Implications o
f

Microzooplankton Grazing o
n Carbon Flux

and Anoxia in Chesapeake Bay

Duration: 198 5
-

8
6

Principal Investigators: Lawrence W. Harding,

J
r
.

and Kevin G
.

Sellner
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Title: Physical and Biological Processes Regulating Anoxia in

Chesapeake Bay: Zooplankton Distributions, Grazing and

Respiration

Duration: 1985- 8
6

Principal Inv~ stigator: Michael R
.

Roman

Title: Contribution o
f

Sulfur Cycling to Anoxia in

Chesapeake Bay

Duration: 1985- 8
6

Principal Inv~ stigator: Jon H
.

Tuttle

Title: Sources o
f

Biochemical Oxygen Demand in the Chesapeake

Bay: The Role o
f

Macrophyte Detritus and Decomposition Processes

Duration: 1985- 8
6

Principal Investigators: Joseph C
.

Zieman, Stephen A
.

Macko and

Aaron L
.

Mills

Title: Hypoxia in Virginia's Saline Waters: A Review and Analysis

o
f

Historic Data

Duration: 1985

Principal Inv~ stigator: Lawrence W. Haas

Title: Bacterial Production and Population Dynamics in the Mesohaline

Reach o
f

Chesapeake Bay

Duration: 1987- 8
8

Principal Inv~ stigator: Hugh W. Ducklow

Title: Grazing and Production o
f

Zooplankton in Chesapeake Bay

Duration: 1987- 8
8

Principal Investigator: Michael R
.

Roman

Title: Role o
f

Grazing b
y Nanozooplankton and Microzooplankton o
n

Bacteria and Phytoplankton in Chesapeake Bay

Duration: 1987- 8
8

Principal Investigator: Evelyn J
.

Lessard
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Title: Integration o
f

Ecological Processes Relating Nutrient

Enrichment to Anoxia and Trophic Dynamics in Chesapeake Bay: A

Simulation Study

Duration: 1987- 8
8

Principal Investigator: W. Michael Kemp

Title: Chronic Effects o
f

Seasonally Low Dissolved Oxygen o
n the

Resource Value o
f

the Bay Bottom

Duration: 1987-89

Principal Investigators: Robert J
.

Diaz, Linda Schaffer and

Mark Luckenbach

Title: Predation Impact o
f

Jellyfish and Ctenophores o
n Plankton

Populations in Chesapeake Bay

Duration: 1988

Principal Investigator: Jennifer E
.

Purcell

Title: The Role o
f

Dissolved Organic Constituents from Anaerobic

Decomposition in Oxygen Dynamics in the Water Column

Duration: 1988- 8
9

Principal Investigators: Linda K
.

Blum and Aaron L
.

Mills

Title: Passive Artificial Ventilation o
f

Hypoxic Estuarine Benthic

Environments

Duration: 1988- 8
9

Principal Investigators: L
.

Don Wright, John D
.

Boon, J
.

P
.
-

Y
.

Maa,

D
.

M. Bushnell and G
.

C
.

Greene

Title: The Impact o
f

Oyster Abundance o
n Water Quality inSub­Estuaries

o
f

Chesapeake Bay

Duration: 1989

Principal Investigators: Robert B
.

Jonas, Jon H
.

Tuttle and Steven Coon

Title: The Production and Fate o
f

Phytoplankton Biomass in the

Mesohaline Reach o
f

the Chesapeake Bay

Duration: 1989

Principal Investigators: Daniel J
.

Conley, Thomas C
.

Malone and

Patricia M
.

Glibert
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Title: Trophic Dynamics in Chespeake Bay: Ecological and

Biochemical Approaches to the Study o
f

Flows o
f

Carbon from

Phytoplankton to Bacterioplankton

Duration: 1989

Principal Inv~ stigators: Hugh W. Ducklow, Madilyn Fletcher and

Peter C
.

Griffith

Title: Plankton T rophodynanics in Chesapeake Bay: Bacterivory and

Herbivory b
y Nano- and Microzooplankton

Duration: 1989

Principal Inv~ stigator: George B
. McManus

Title: Plankton Trophic Dynamics in Chesapeake Bay: Models and

Budgets o
f

Carbon- Nutrient Cycling

Duration: 1989

Principal Investigator: W. Michael Kemp

Title: Ship- Time Support and Coordination

Duration: 1985-86, 8
8

Principal Investigator: Thomas Malone
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